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Abstract
An investigation into turbulent reacting flows in an opposed jet geometry and a sudden
expansion duct has been performed. For the opposed jet geometry, measurements of
the velocity and reaction progress variable were obtained in lean premixed flames. Both
velocity and scalar measurements were taken using PIV (Particle Image Velocimetry).
Three gaseous fuels (methane, propane and ethylene) and three liquid fuels (JP-10,
cyclopentane and cyclopentene) were considered for a range of equivalence ratios. The
broad range of fuels enabled an investigation of the effect of different fuel reactivities on
the velocity field and flame location and also allowed the effect of the Lewis number on
flame extinction to be investigated.
Preliminary work included isothermal measurements of the flow between and inside the
nozzles. The use of fractal grids inside the nozzle increased turbulence intensities at the
nozzle exit by 100% and turbulent Reynolds numbers between 50 - 220 were achieved.
Velocity and normal stress components were measured with attention focused on the
inlet boundary, along the burner centreline and the stagnation plane.
A circular duct, incorporating a sudden expansion step, was also used to investigate the
effect of swirl on pressure oscillations within the duct, the lean flammability limits and
the NOx emissions. Measurements were performed for stratified flow conditions using
methane as a fuel. The results show that excessive swirl leads to an increase in local
strain in the vicinity of the expansion step and makes the flame more prone to local
extinction. Moderate swirl was found to lower the amplitudes of the pressure oscillations
close to global extinction and also to decrease the lean extinction limit of the stratified
flow conditions. However, it did not decrease the overall equivalence ratio of flows with
a richer core and a leaner annulus. Flows with only air in the core flow led to an overall
equivalence ratio as lean as 0.3 for methane compared with 0.6 for the uniform flow.
Stratification with a fuel rich core flow and a leaner annular flow led to an increase in
NOx emissions due to locally increased temperatures. The addition of moderate swirl
enhanced mixing of the annular and the core flows, which resulted in a more uniform
fuel distribution close to the step and a reduction in NOx-levels up to 50%.
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Nomenclature
Latin Symbols, uppercase
A laminar flame surface area (in Eq. 2.10)
A cross section
AT turbulent flame surface area (Chapter 2)
C reaction progress variable
C(dx, dy) cross–correlation value
D nozzle diameter
D diffusivity (Chapter 2)
D particle Brownian diffusivity (Chapter 3)
Dth thermal diffusivity
Da Damko¨hler number
E(k) turbulent kinetic energy as a function of wavenumber (k)
H opposed nozzle separation
I image intensity
Ka Karlovitz number
L macroscale of the flow
Le Lewis number
M optical magnification
N number of pixel
P pressure
Rij correlation coefficient
Re Reynolds number
Ret turbulent Reynolds number
Sc Schmidt number
Sannulus swirl number for an annular swirler
Score swirl number for a core swirler
Sw swirl number
T temperature
T0 inner layer temperature
Tb burnt temperature
Tg gas temperature
Tmax largest fractal width (Section 5.2)
Tmix smallest fractal width (Section 5.2)
Tr ratio of Tmax to Tmin (Section 5.2)
Tu unburnt temperature
Tw wire temperature
U characteristic velocity
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Latin Symbols, uppercase
Ub bulk velocity
V mean radial velocity
Xp two dimensional position vector
Latin Symbols, lowercase
a acceleration
ab bulk strain rate
arad radial strain rate
at turbulent strain rate
aT total strain rate
c model constant
cp specific heat at constant pressure
d hole diameter of the perforated plates
dp particle diameter
g gauge
k wave number (Chapter 2)
k ratio of inner and outer radius of the swirler
l characteristic length scale of turbulence
lδ inner layer thickness
lF typical flame thickness or laminar flame thickness
lI integral length scale
lK Kolmogorov length scale
lλ Taylor microscale
ln eddy size
m˙ mass flux
n number of pixel
p particle
r radius or radial distance (Chapters 5, 6)
rms root mean square
sL laminar burning velocity
sT turbulent burning velocity
t time
tF flame time scale or chemical time scale
tI integral time scale
topt optimal time between two laser pulses
tT turbulent time scale
ui velocity component in i-direction
uK Kolmogorov velocity
vp particle velocity
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Latin Symbols, lowercase
x axial distance
x0,0 coordinate of the nominal stagnation point
xg axial distance from the fractal grid inside the nozzle
xi spatial coordinate in i-direction
z spatial coordinate
Greek Symbols
α vane angle
αt dimensionless thermophoretic diffusion factor
αm tangential momentum accomodation coefficient
δ flame thickness ratio
δ blockage of the fractal grids (Section 5.2)
δth thermal flame thickness
 turbulent energy dissipation rate
λ heat conductivity
µ dynamic viscosity
ν kinematic viscosity
ρ mass density
ρb burnt density
ρp seeding particle density
ρu unburnt density
τ heat release parameter
τK Kolmogorov timescale
τs relaxation time
τtc thermocouple time constant
φ equivalence ratio
φa(nnulus) equivalence ratio in the annular flow of the sudden expansion
φc(ore) equivalence ratio in the core flow of the sudden expansion
φo overall equivalence ratio
Φ generic (scalar) field quantity
Operators
.˜ Favre filtering
′′ Favre fluctuation
. mean from Reynolds decomposition
′ fluctuating component from Reynolds decomposition
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Miscellaneous Symbols
Al2O3 aluminium oxide
CH4 methane
C2H4 ethylene
C3H8 propane
C5H6 cyclopentadiene
C5H8 cyclopentene
C5H10 cyclopentane
CO carbon monoxide
JP-10 exo-tetrahydrodicyclopentadiene
OH hydroxide ion
NOx nitrogen oxides
Abbreviations
A/D analog/digital
BML Bray Moss Libby analysis
CCD charge-coupled device
CMOS complementary metal oxide semiconductor
FFT fast fourier transform
FS full scale
ISO isothermal conditions
LDA laser doppler anemometry
LDV laser doppler velocimetry
LIF laser-induced fluorescence
LES large eddy simulation
LHS left hand side of an equation
Mtoe million tonnes of oil equivalent
Nd:YAG neodymium-doped yttrium aluminium garnet
PIV particle image velocimetry
RANS Reynolds averaged Navier Stokes/simulation
RD reading
TGP turbulence generating plates/ perforated plates
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Chapter 1
Overview
The total primary energy supply worldwide grew from 6,115 Mtoe (toe – tonne of oil equivalent)
in 1973 to 11,741 Mtoe in 2006 of which 80% was produced by fossil fuels. Although much
effort and money is invested in the research of renewable energy and alternative sources, 67%
of the worldwide electrical energy is still generated by the combustion of fossil fuels [54]. Not
to mention all the modes of transport that require fossil fuels as a base for their function. In
the short term, one key aspect of today’s combustion research is to increase the efficiency of
the process of modern combustors and therefore reduce fuel consumption and pollutants. In
order to achieve this, a combination of state of the art measurement techniques and advanced
numerical methods needs to be applied to provide the required understanding.
Non–premixed combustion is standard in most industrial applications such coal combustion,
diesel engines and gas turbines, whereas premixed combustion has the potential advantage
of greater heat release and lower pollutant levels, although it comes at the cost of reduced
safety, e.g. blow–off or flashback. To address these safety issues, it is important to study fuels
in laboratory combustors with well defined boundary conditions (e.g. jet - , rod–stabilised -,
bunsen - or opposed jet flames) [26]. Most modern combustion measurement techniques feature
non–intrusive diagnostics, which in the presented context are based on lasers as light sources
and digital cameras with high resolution and high sensitivity (CCD or CMOS) as detectors.
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These techniques have the advantage of measuring properties of the flow and the combustion
process without altering the flow field and the chemical reactions within the flame.
Such techniques include PIV (Particle Image Velocimetry), LDV (Laser Doppler Velocimetry),
LIF (Laser Induced Fluorescence) and Raman-Rayleigh based techniques. However, intrusive
techniques, such as thermocouples and hot wire measurements can also be used to obtain signif-
icant information regarding the temperature and velocity fields of turbulent reacting flows. A
combination of these techniques can help to provide validation data to support the development
of RANS- (Reynolds Averaged Navier Stokes) and LES (Large Eddy Simulations) calculation
methods currently used to simulate such combustion processes.
1.1 Aim of the research
The aim of the research was to investigate the combustion processes of a number of fuels
in the opposed jet geometry. Velocity and scalar statistics were obtained in order to facil-
itate comparisons with the results from computational (RANS and LES) models. Initially
methane, propane and ethylene were investigated and followed by liquid fuels featuring higher
hydrocarbons (cyclopentane, cyclopentene and JP-10). The use of JP-10, structurally tetrahy-
drodicyclopentadiene, is prevalent in Navy applications and it is the only single component
jet fuel in extensive use. The breakdown products include cyclopentane, cyclopentene and
cyclopentadiene.
Acoustic oscillations in combustors result not only in noise pollution, but can also lead to
damage of structural components such as flame holders and turbine plates. Methods for a
reduction in acoustic oscillations and NOx emissions were explored for methane in a circular
sudden expansion duct. A better understanding of the coupling of the instantaneous heat
release and the acoustic oscillations in lean premixed combustors is expected to help to improve
future designs.
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1.2 Thesis outline
This thesis begins with an introduction to the theoretical background of turbulent reacting
flows. This is followed by a description of the diagnostics used and the experimental configu-
ration for the opposed flow geometry. A detailed overview of the method and the uncertainties
of PIV are given, as it was used to obtain velocity statistics and scalar data presented in the
following two chapters. The results from isothermal and reactive flow measurements are given
in terms of velocity, the reaction progress variable and strain rates for turbulent opposed jets.
Reactive velocity statistics are presented with focus on the centreline of the burner and the
stagnation plane between the two nozzles, whereas isothermal results also include in–nozzle
measurements for a broad range of bulk velocities. To validate the reaction progress variable,
obtained using PIV measurements, a comparison with thermocouple measurements and nu-
merical calculations is also presented. Reactive flow measurements considered three gaseous
and three liquids fuels in order to be able to compare a broad spectrum of fuel reactivities.
A discussion of the presented measurements and a conclusion of the results follows. In the
subsequent chapter, a brief overview of past work obtained in ducted flows with focus on
thermo–acoustic instabilities close and away from the lean flammability limits and methods of
control is presented. The experimental equipment used and the combustor is explained before
the results obtained are shown in greater detail. These include the effects of swirl on the lean
flammability limit, the amplitudes of the pressure oscillations and the level of NOx emissions,
where natural gas was used as a fuel. The final chapter summarises the work carried out and
the main conclusions drawn from it and gives recommendations for future work.
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Chapter 2
Theoretical Background
In this chapter a brief theoretical background of the work is presented. It begins with an intro-
duction to turbulent flows with the objectives of introducing the length and timescales required
in subsequent discussions. In the second part an introduction to the different modes of com-
bustion is presented and followed by a brief description of the interaction between turbulence
and chemistry.
2.1 Turbulence
2.1.1 Definition of turbulence
Turbulent flows can be described as chaotic, random, three dimensional and dissipative, unlike
laminar flows which move in ordered layers. Turbulence is created through instabilities in
the laminar flow. In 1894 Reynolds [109] introduced a dimensionless number (Eq. 2.1), which
represents the ratio of inertial to viscous forces and describes whether a flow is considered
laminar or turbulent.
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Re =
Ul
ν
(2.1)
where U is the velocity of the flow, l the characteristic length and ν the kinematic viscosity.
One way to characterise a turbulent flow is to define mean and fluctuating quantities (e.g. for
a velocity). This can be achieved by using a sufficiently large time interval for the velocity at
a fixed point of a turbulent flow as shown in Fig. 2.1. Mean properties can be calculated by
taking a time-average of a flow property (here: axial flow velocity) over a large time interval
(δt = t2-t1) as shown in Eq. 2.2.
u¯ =
1
∆t
∫ t2
t1
u(t)∂t (2.2)
The fluctuations (u’) are the differences between the mean value and the instantaneous values
of the turbulent flow as shown in Eq. 2.3. Expressing a variable as its mean and its fluctuat-
ing component is referred to as the Reynolds decomposition [127]. Other methods including
Galilean (constant convection velocity) or LES decompositions (low–pass filtering) can also
be applied to a velocity measurements of a turbulent flow fields. However, these alternative
methods to analyse and interpret the velocity data are summarised in greater detail by Adrian
et al. [4].
u(t) = u¯+ u′ (2.3)
2.1.2 Turbulent scales
Four main turbulent length scales can be distinguished in a turbulent flow, the macroscale
of the flow (L), the integral length scale (lI), the Taylor microscale (lλ) and the Kolmogorov
microscale (lK).
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Figure 2.1: Velocity as a function of time for a fixed point measured in a turbulent
opposed flow.
The macroscale, also known as the characteristic width of a flow, is the largest scale of turbulent
motion and therefore the upper bound of the largest possible eddy. The order of the macroscale
could be either the width of a flow (e.g. jet width at its exit plane) or a geometrical parameter
like a width of channel or a pipe diameter [127]. This scale is often used to define the Reynolds
number in a flow as shown in Eq. 2.1.
The integral length scale (lI) of a turbulent flow describes the average size of the largest eddies
which occur at a low frequency and a large wavenumber. Measuring velocity components along
a direction (x1) at a distance (r) apart, gives us the correlation coefficient as function of (x1)
shown in Eq. 2.4. Integration of the obtained correlation coefficient (Rij), shown in Eq. 2.5,
results in the integral length scale of the flow [123].
Rij(xk, t, rk, τ) =
u′i(xk, t) + u
′
j(xk + rk, t+ τ)√
u′i
2(xk, t)u′j
2(xk + rk, t+ τ)
(2.4)
lI(−→x , t) =
∫ ∞
0
R11(−→x , t, r, 0)dr (2.5)
The Taylor microscale (lλ) can also be derived from the correlation coefficient as described in
greater detail elsewhere [24, 102]. It can be calculated using the relationship shown in Eq. 2.6
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and is related to the mean strain rate shown on the LHS of Eq. 2.6. The Taylor scale can be
described as an intermediate length scale between the integral and the Kolmogorov scale but
tends towards the smaller scales [127].
(
∂u′1
∂x1
)2
=
u′2
l2λ
(2.6)
The Kolmogorov microscale (lK) is the smallest length scale in a turbulent motion. According
to Kolmogorov’s first similarity hypothesis, in a turbulent flow at sufficiently high Reynolds
number the statistics of small scale motions have a universal form that is uniquely determined
by the kinematic viscosity (ν) and the rate of dissipation () [62–64]. Hence, a microscale can
be defined as shown in Eq. 2.7, alongside the Kolmogorov velocity (Eq. 2.8) and timescale
(Eq. 2.9).
lK =
(
ν3

) 1
4
(2.7)
uK = (ν)
1
4 (2.8)
τK =
(ν

) 1
2 (2.9)
The length scales described above can all be represented in an energy cascade as shown in
Fig. 2.2, which represents the Fourier transform of the correlation function shown earlier in
Eq. 2.4 and is the density of the kinetic energy per unit wavenumber. The wavenumber can in
this context be understood as the reciprocal value of the eddy size (ln). Energy is transferred
from the larger to the smaller scales as stated by Richardson [110]. This continues until the
Reynolds number of the corresponding motion is small enough so that the eddies can become
stable and the turbulent kinetic energy is effectively dissipated by molecular diffusion, which
is apparent in the viscous subrange [102].
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Figure 2.2: Schematic of the turbulent kinetic energy spectrum as a representation of
the wavenumber [99].
2.2 Combustion
One way to characterise the different modes of combustion is how the fuel and oxidiser are
introduced into the reaction zone. The different modes can be classified as non-premixed,
partially premixed and premixed combustion. The latter will be described in greater detail as
the focus of the work presented is on premixed combustion.
2.2.1 Non–premixed flames
In non–premixed combustion the fuel and oxidiser enter the combustion chamber separately.
Combustion takes place where the fuel and oxidiser mix, which in turn creates a stablilised
reaction zone around the stoichiometric mixture. Owing to safety requirements the majority
of industrial flames are non–premixed. This is mainly because mixing and combustion occur
simultaneously which prevents the formation of large unburnt regions of ignitable mixture.
Some of the most common applications of non–premixed flames are in gas turbines, furnaces and
diesel engines. However, as concerns related to pollutant emissions become more prominant,
non–premixed combustion will play less of a role in future applications as it is not as easy to
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control the combustion process and reduce pollutants as in premixed flames, e.g. the current
practice using increasingly premixed combustion in low-NOx gas turbines [127].
2.2.2 Partially premixed flames
Partially premixed flames can be described as a flow in which oxidiser and fuel are introduced
separately but are then partially mixed by transport processes. Combustion takes place in a
stratified medium once ignited. Areas of the flow behave like a non–premixed flame, which is
governed by mixing processes, while other areas feature an almost homogenous mixture which
is subject to flame auto–ignition and propagation [99].
2.2.3 Premixed flames
Premixed combustion requires there to be a more homogenous mixture of fuel and oxidiser
before ignition and is, for example, applied in spark ignition engines. The laminar burning ve-
locity is one of the most important quantities in premixed combustion. Whilst a non-premixed
flame cannot propagate and remains attached to the area of stoichiometric mixture, a premixed
flame moves normal to its flame surface towards the unburnt mixture. The laminar burning
velocity (sL) is a thermo-chemical transport property that depends on pressure, reactant tem-
perature and equivalence ratio. Typical values are of the order of 0.1 - 1.0 m/s for hydrocarbon
fuel/air mixtures at ambient conditions [100].
When discussing laminar premixed flames it is necessary to introduce the concept of flame
stretch and its relation to extinction which was first proposed by Karlovitz et al. [57]. A
mathematical description is shown in Eq. 2.10:
S =
1
A
∂A
∂t
(2.10)
where S is the flame stretch, A is a surface element of the flame with a boundary moving
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tangentially to the flame surface. Flame stretch can be separated into contributions due to
strain or curvature [24] and a review on structure, aerodynamics and geometry of laminar
premixed flamelets can be found by Law and Sung [73] and in the presence of turbulence by
Bradley et al. [14]. Stagnating flows, as for example found in opposed jet geometries, impose a
constant rate of strain on the planar laminar flame, which is produced by the velocity gradient
in the axial direction. The rate of strain in such geometries can be varied by either changing
the bulk velocity of the flow or the separation of the nozzles, which can be used to determine
flammability limits under different levels of strain.
The behaviour of laminar premixed flames upon a change in stretch also depends on the overall
Lewis number of the reactant stream, which is defined as the ratio of thermal diffusivity to the
mass diffusivity as shown in Eq. 2.11:
Le =
λ
ρDcp
(2.11)
where λ is the thermal conductivity, ρ the density, cp the heat capacity of the mixture and D
the deficient reactant diffusivity. For mixtures with a Le ' 1 the heat and the mass transfer
effects are balanced. When mass diffusion becomes stronger than heat diffusion (Le < 1)
thermodiffusive instabilities may occur, as for example in lean laminar hydrogen flames [135].
When heat conduction is lower than mass diffusion a flame may curve locally and lead to a
convex shape. However, for a mixture with a Lewis number greater than unity, heat conduction
is greater than mass diffusion and the flame loses thermal energy at a greater rate than it gains
chemical energy and vice versa. Such a flame has the tendency to curve concave towards the
reactants and with a Lewis number larger than unity the flame will focus heat towards the
reactant stream and therefore accelerate [24]. For Lewis numbers deviating from unity the
thermal and concentration thickness will be different, as a Le 6= 1 implies that the rate of
temperature increase is different to the rate of concentration decrease, therefore the width of
the two profiles along the wrinkled laminar flamelet would be different [73].
For turbulent premixed flames in stagnating flows the total strain rate (aT ) is defined as the
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sum of the bulk strain rate (ab) and the small-scale turbulent strain rate (at) as shown in
Eq. 2.12 first presented by Kostiuk et al. [69] and extended by Mastorakos et al. [87] for non–
and partially premixed counterflow flames. The bulk strain rate is proportional to the ratio of
the bulk velocity (Ub) and the nozzle separation (H), whereas the turbulent strain is the inverse
of the Kolmogorov time scale given in Eq. 2.9.
aT = ab + at = 2
Ub
H
+
( 
ν
) 1
2 (2.12)
The turbulent burning velocity (sT ) depends not only on thermal and chemical properties but
also on the character of the flow. Damko¨hler [30] presented the first expression for the turbulent
burning velocity as shown in Eq. 2.13, which is valid for the regime of corrugated flamelets (see
Borghi diagram in Fig. 2.4). The expression relates the mass flux (m˙) through the flame front
area (AT ) to the mass flux through a cross section (A) as shown for a duct flow in Fig. 2.3.
m˙ = ρusLAT = ρusTA (2.13)
Assuming that the reactant density ρu is constant leads to the simplified expression shown in
Eq. 2.14.
sT
sL
' AT
A
(2.14)
Damko¨hler’s expression links the normalised turbulent burning velocity on the left hand side to
the ratio of actual flame area to its projected area. This implies that the internal structure of the
wrinkled laminar flamelet is not penetrated by the turbulent motion and remains unchanged,
hence, forming the basis for the flamelet model approach used widely in turbulent premixed
combustion [24].
Damko¨hler identified two different regimes of premixed turbulent combustion, large scale and
small scale turbulence. Borghi [12] recently reviewed previous theories and extended these to
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Figure 2.3: An idealised steady premixed flame in a duct [99].
the well-known regime diagram for turbulent premixed combustion as illustrated in Fig. 2.4.
However, premixed combustion diagrams exist in various different versions [1, 16, 33, 101,
135] and are discussed in great detail by Poinsot and Veynante [100]. Three non-dimensional
numbers which are often used in the context of premixed combustion are introduced below. A
turbulent Reynolds number (Ret) can be defined as
Ret =
u′lI
ν
=
u′lI
sLlF
(2.15)
where u’ are the turbulent intensities, lI the integral length scale and ν the kinematic viscosity.
The right hand side of Eq. 2.15 relates turbulence to flame quantities. Two different turbulent
Karlovitz numbers can be defined. One is the ratio between the chemical timescale (tF ) of the
laminar flame and the Kolmogorov timescale (τK).
Ka1 =
tF
τK
=
(
lF
lK
)2
=
(
uK
sL
)2
(2.16)
The second Karlovitz number was introduced by Peters [99] and is defined by the ratio of an
appropriate reaction zone thickness to the Kolmogorov lengthscale (lK) in Eq. 2.17.
Ka2 =
(
lδ
lK
)2
= δ2Ka1 ≈ 0.01Ka1 (2.17)
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where lF is the typical flame thickness (or laminar flame thickness) and δ is the ratio of the
inner layer thickness (lδ) to the flame thickness. The last number is the turbulent Damko¨hler
number (Da) which describes the ratio between mixing time (or large-eddy turn-over timescale)
to the chemical timescales as shown in Eq. 2.18.
Da =
tT
tF
=
sLlI
u′lF
(2.18)
For a Damko¨hler number smaller than unity the chemical reaction takes longer than the physical
timescale. For this case the eddies interact strongly with the flame structure. This region is
above the Da = 1 line in the Borghi diagram in Fig. 2.4 and is referred to as a stirred reactor
[130]. It coincides partially with the regime of the broken reaction zones above a Karlovitz
number (Ka2) greater than one. For a Damko¨hler number larger than unity the chemical
reaction is faster than the mixing time and forDa  1 combustion is characterised by fast
chemistry. Flames in the corrugated flamelet regime are strongly wrinkled by turbulence,
which leads to an increase in the flame area and enhances the chemical reaction process. The
wrinkled flamelet regime where the turbulent fluctuations are equal to the laminar burning
velocity. In this regime the flame front is wrinkled only slightly as the turbulent intensities
are lower than the laminar burning velocity at which the flame propagates. The last regime to
mention is the regime of thin reaction zones where turbulent eddies are able to enter the flame
front, unlike in the corrugated flamelet regime which is considered locally to have the structure
of laminar flamelets. The measurements presented in this work cover a range of turbulent
Reynolds numbers and fuel reactivities and approximate Karlovitz and Damko¨hler numbers
are also evaluated.
30
Figure 2.4: Regime diagram for turbulent premixed combustion as presented by Pe-
ters [99].
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Chapter 3
Opposed flow set–up and diagnostics
3.1 The opposed jet geometry
The opposed jet geometry consists of two identical nozzles in a vertical arrangement designed
by Geyer [39, 40] and is shown in Fig. 3.1. The outlet of each nozzle is 30 mm in diameter and
turbulence is generated 50 mm upstream of the nozzle exit plane using perforated plates (TGP)
with a hole diameter of 4 mm and a blockage of 45%, similar to the ones used by Mastorakos
et al. [87–89], Sardi et al. [114–116] and Lindstedt et al. [77, 78]. The distance between the two
nozzles can be varied by moving the lower nozzle. If not stated otherwise, the nozzle separation
(H) is one nozzle diameter. This nozzle separation was chosen as extensive studies by Luff [85]
showed that the mean axial velocity profile along the nozzle exit plane became increasingly
non–uniform for nozzle separations below one diameter and greater radial acceleration beyond
a distance of 1.0D for the stagnation plane was found with a reduction in nozzle separation.
Isothermal flow measurements at a nozzle separation of 1D showed the condition close to a
top-head shape for the mean axial velocity and axial and radial fluctuations, which are ideal
boundary conditions for the validation of numerical models. Korusoy and Whitelaw [67] showed
that premixed methane flames merged with a reduction in nozzle separation while keeping the
overall strain and equivalence ratio constant. It was also evident that the mean position of the
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stagnation point drifted axially with nozzle separations greater than 2.0D. Both nozzle exits are
water–cooled to prevent differences in the reactant density of either flow due to preheating. To
avoid any preheating is important as any change in density will effect the mean bulk velocities
of the opposed flow. The top nozzle needed extensive cooling so that the whole upper nozzle
needed to be shielded from the hot exhaust gases. The cooling system is partly shown in
Fig. 3.1.
To increase the turbulence intensities at the nozzle exits, fractal grids were introduced in ad-
dition to the perforated plates. Fractal-generated turbulence in wind tunnels has been studied
and presented by the research group of Vassilicos [53, 118, 129]. Fractal grids suitable for an
opposed jet geometry were designed and a parametric study of five different fractal cross grids
is presented in Chapter 5. The fractal grids were located 10 mm downstream of the perforated
plates, while the nozzle was left unchanged at 50 mm in length and 30 mm inner diameter.
The modifications are highlighted in Fig. 3.2.
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Figure 3.1: Schematic of the opposed jet geometry.
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Figure 3.2: Schematic of the upper nozzle of the opposed jet geometry including fractal
grids.
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3.2 Experimental techniques
3.2.1 Thermocouples
Instantaneous temperature measurements were obtained for lean premixed flames by a butt
welded 25 µm platinum/platinum-rhodium (87%/13%) thermocouple. A diameter of 25 µm was
chosen as larger diameters are subject to greater radiative heat losses [15]. The thermocouple
was mounted on two supporting wires of 200 µm diameter of the same materials insulated
within a 4 mm twin–bore cylinder which did not act as a source of flame stabilisation when
introduced in the reactant stream. The aspect ratio of the length of the exposed wire to its
diameter was higher than 200 and the thermocouple was kept parallel to the flame brush, so
as to reduce the conductive heat loss to the supporting ceramic cylinders [15, 98]. A coating
with 98% hexamethyldisiloxane was applied to avoid catalytic effects on the surface of the
thermocouple and increased the diameter of the wire by approximately 10 µm. Radiative heat
loss from the thermocouple resulted in an underestimation of the mean flame temperature and
was measured to be less than 100 K by Heitor [49]. The signal was amplified by a factor of
100 and stored via a 16 bit A/D–converter on a PC. Digitisation noise could be kept below
5 mV, which corresponds to a maximum temperature error of ± 2 K. Point measurements at
a sampling frequency of 4096 Hz for a duration of five seconds were taken along the centreline
of the burner and the symmetry plane of the nozzles.
Digital compensation of the temperature data was performed in the temporal domain with
the thermal inertia of the thermocouple as a first order filter shown in Eq. 3.1 also used by
Heitor et al. [50], Mastorakos [86] and Luff [85]. The time constant (τtc) of the thermocouple
was obtained using a direct–current overheating–pulse technique as previously described by
Lockwood and Moneib [80] and Heitor et al. [50]. A constant current was passed through
the thermocouple and temperature measurements were started when the current was switched
off. While the temperature of thermocouple wire decayed to ambient temperature in a flow of
3.0 m/s in the opposed jet geometry, the time constant of the thermocouple was determined
once a value of 1/e of the initial temperature was reached and had an average value of 12.8 µs.
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Tg = Tw + τtc
∂Tw
∂t
(3.1)
3.2.2 Hot-wire anemometry
Isothermal opposed flow measurements using a DANTEC streamline flow unit were taken to
obtain instantaneous axial velocities 1.5 mm downstream of one nozzle of the configuration
described in detail by Lindstedt el al. [77]. A single 5 µm platinum coated tungsten wire,
calibrated in a DANTEC frame unit, was traversed at a distance of 1 mm along the radius
of the nozzle. A sampling frequency of 20 kHz was chosen, which resulted in an effective
spatial resolution of 0.15 mm and 0.41 mm for bulk velocities of 3.0 m/s and 8.2 m/s. A twenty
point fitted calibration curve was calculated for the different bulk velocities taking temperature
compensation into account. While mounting the hot wire probe in the test rig great care was
taken to ensure it had the same orientation as in the calibration unit.
3.2.3 Particle Image Velocimetry
A particle image velocimetry system (LaVision Flowmaster 3) was used to measure the axial
and radial velocity components for the opposed flows and the first two moments of the reaction
progress variable for the gaseous and liquid fuels. The central plane perpendicular to the
nozzle exits was illuminated by two 120 mJ Solo–New Wave double pulse Nd:YAG lasers. The
laser head was equipped with LaVision light sheet optics which allowed an adjustable light
sheet thickness between 0.5 mm and 2.5 mm and was set to approximately 0.8 mm for all
measurements presented. The flow field was viewed using a 12 bit, 1376 x 1040 pixels, 10
Hz CCD Imager Intense camera equipped with a 50 mm Nikon lens. The time between the
two PIV–images was adjusted between 15 – 50 µs according to the nozzle separation and the
mean bulk velocity in order to reduce spurious vectors. All velocity, strain and scalar data was
obtained by averaging 1000 instantaneous vector fields using a purpose written FORTRAN
program.
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3.2.3.1 Particle tracking and PIV evaluation
In particle image velocimetry the motion of a fluid is measured using tracer particles. The
velocity is obtained indirectly using a displacement vector of the tracer particles for a finite
time period. Particles are considered ideal if they follow the motion of a fluid without slip,
do not alter the fluid or flow properties and do not interfere with each other as discussed by
Westerweel [132]. The velocity of one particle (p) can be obtained from two images a time
interval (∆t = t2 − t1) apart using Eq. 3.2:
vp =
∆Xp
M∆t
(3.2)
where vp is the particle velocity, Xp is the two dimensional position vector and M the optical
magnification [2, 58]. In flows with higher seeding density, the pattern of tracer particles is
used to determine the velocity field of the measurement volume. This can be achieved using
either auto– or cross–correlation algorithms. Performance studies for both techniques can be
found in McKenna and McGillis [90]. For an auto–correlation a single image that captures
the light of two illuminations is necessary for an evaluation, whereas a cross–correlation needs
two separate images (also referred to as frames) each with a single illumination as shown in
Fig. 3.3. For the current work a cross–correlation function was chosen since it has a higher and
unambiguous correlation peak, lower correlation noise, greater dynamic range and less gradient
bias when compared to auto–correlation [59]. The two–dimensional discrete cross–correlation
function is given in Eq. 3.3.
C(dx, dy) =
x<n,y<n∑
x=0,y=0
I1(x, y)I2(x+ dx, y + dy) (3.3)
where I1 and I2 are the image intensities and the summation of all overlapping pixel intensities
gives one cross–correlation value C(dx,dy). This value is the statistically determined degree
of match between the patterns of two images for a given particle shift. The highest value in
the correlation plane is chosen to be a direct estimate of particle image displacement [108].
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As the signal strength is proportional to the mean number of particles in the considered in-
terrogation window, PIV performs optimally when the number of particle pairs available for
the correlation exceeds 10 to 20 and pairs lost due to out–of–plane movement is lower than
25% [2]. Rather than calculating the cross–correlation directly, a computation in frequency
space was chosen. This reduces the two–dimensional correlation process given by Eq. 3.3 to
calculating two two–dimensional Fast-Fourier-Transforms (FFTs) on equally sized samples (N
× N), which is followed by a complex–conjugated multiplication of the Fourier–coefficients and
an inverse–FFT to compute the cross–correlation plane. This is fifty times faster [43] compared
to the directly computed correlation, which requires of the order of N4 operations. However,
some restrictions and drawbacks of this method should be taken into account. These include a
fixed sample size to the power of two, the periodicity of the data as a FFT is only defined for
an infinite domain, aliasing of the measurement and bias errors towards lower displacements.
A more detailed description is given by Raffel et al. [108] and ways to avoid these problems are
presented by Westerweel [132].
3.2.3.2 Imaging and uncertainties
For each correlation two images of 1376 x 1040 pixels were taken using a CCD Imager Intense
camera. The images were divided into smaller interrogation windows each with the size N ×
N = 2i pixels, where i is a positive integer. A decreasing interrogation window size was chosen
starting from 128 × 128 pixels, over 64 × 64 down to 32 × 32. Two iterations were chosen
for each of the three window sizes. In a first pass the displacement vector is computed, which
is used in the second pass as a reference vector and allows a window shift for both frames to
be determined. This helps to correlate the right particle pairs and helps to lower the signal–
to–noise ratio as illustrated in Fig. 3.4. A further decrease in window size was not considered
as Lindstedt et al. [77] reported that a decrease to 16 × 16 pixels and further down to 8 ×
8 pixels showed artificial increases in the axial Reynolds stress component by 50% and 200%.
To increase the grid size of the vector fields, and hence the number of vectors, a 50% window
overlap was used. With a final interrogation window size of 32 × 32 pixels and a window overlap
of 50%, the vector spacing for the isothermal and reactive flow measurements in physical space
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was 0.3 mm × 0.3 mm compared to the integral length scale of 2.6 mm for the perforated plates
and 3.1 mm for the fractal grid I measured in the opposed flow using the hot–wire equipment
as described in Section 3.2.2 for the perforated grids. Høst–Madsen and Nielsen [51] estimated
that an interrogation window size of 0.2lI would result in approximately 10% uncertainty in
the fluctuations and the current resolution of 0.6 mm is estimated to measure the turbulent
fluctuation within 15% uncertainty.
Measurement uncertainties in PIV are a combination of systematic and residual errors. While
systematic errors can be avoided by using a suitable analysis method, which suits the specific
PIV–recording, residual errors remain. The latter can be divided into bias error and random
error.
Bias errors can be separated into gradient and tracking bias. The effect of displacement gradi-
ents across the window results in a loss of particle pairs in the two interrogation areas referred
to as in-plane loss of particle pairs [59]. The displacement is biased to lower values as particles
at higher velocities are more likely to be lost. Therefore, the correlation peak is biased to lower
velocities, otherwise known as gradient bias. However, as the particle displacement increases,
the error of the cross correlation peak location also increases since the number of correlated
particles decreases as discussed by Huang et al. [52], which are referred to as out–of–pattern
effect. Ways to minimise this effect are for example the window shifting techniques presented
by Raffel and Kompenhans [107] and by Westerweel et al. [133].
To locate the centre of a correlation peak the PIV–algorithm relies on a sub–pixel fit estimator
first proposed by Adrian et al. [2] and extended by Willert et al. [134]. Many methods, such
as centre–of mass, parabolic–curve fitting and Gaussian curve–fitting have been used to obtain
the correlation peak within sub–pixel accuracy, where the location is a function of the shape of
the correlation peak as discussed by Huang et al. [52]. A table summarising the most common
three–point estimators can be found by Raffel et al. [108]. None of them so far provide an
unbiased estimate of the correlation peak location and the effects of various peak–fitting schemes
on the velocity error were studied by Lourenco and Krothapalli [81]. These discrepancies were
also referred to as tracking bias by Westerweel [131]. Ways to minimise the impact of tracking
bias is the use of an optimal particle size as discussed by Cowen and Monismith [29] and below.
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Whereas, Boillot and Prasad [11] provided an optimisation procedure for the time separation
between two successive laser pulses to minimise this error for a given particle acceleration (a)
as shown in Eq. 3.4, where c takes a value between 0.05 – 0.1 (Prasad et al. [105]), M is the
magnification as show in Adrian [3] and dτ the particle diameter.
∆topt =
√
2cdp
M |a| (3.4)
Random errors also referred to as RMS–errors can be affected by improper seeding, strong veloc-
ity gradients and the three–dimensional flow motion which are discussed in context with three–
dimensional PIV by Raffel et al. [106], Meng and Hussain [92] and Prasad and Adrian [104].
RMS–errors are also subject to random noise caused for example by light quantisation, particle
blocking, CCD dark–current noise or the non–uniform reflection of the particles at different
locations and angles which affect the exact position of the correlation peak. Ways to min-
imise mean– and RMS–errors as described above are presented amongst others by Fincham
and Spedding [37] and Hart [48].
In reacting flows two further sources of uncertainties need to be taken into account, ther-
mophoresis caused by the the heat release of the flame and beam steering due to different
refractive indices of the reactants and the products caused by the density change across the
flame front.
Optical measurement techniques such as PIV or LDV which rely on seeding particles suffer from
effects of thermophoresic forces. The thermophoresic force on each particle acts in the opposite
direction of the temperature gradient and leads to a velocity lag of the particles compared to
the flow as shown by Sung et al. [125, 126]. The effect of thermophoresis will be greatest in
the preheat zone of the flow where the temperature gradients are steeper. Gomez et al. [44]
suggest a local particle drift velocity as shown Eq. 3.5 which was approximated by Amantini
et al. [5] using Eq. 3.6, where αt is the dimensionless thermophoretic diffusion factor, D the
particle Brownian diffusivity, T the temperature, αm the tangential momentum accommodation
coefficient, which is often assumed to be unity between the fluid and the solid particle, and ν
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the kinematic viscosity.
vT = (αTD)p
−∇T
T
(3.5)
vT ' 0.75[1 + pi8αm]ν
−∇T
T
(3.6)
For the region in the vicinity of the flame the effect of the thermophoresis might be greater
than the uncertainty in the PIV data in which case the effect needs to be considered as shown
for comparisons with computational results by Amantini et al. [5], Chelliah et al. [25] and Sung
et al. [125]. The maximum gradients we will encounter are those of the corresponding laminar
flame. Hence, we can provide an approximate upper limit value of the effect. Based on an
ethylene flame at 0.9 the vt is 0.49 m/s using the data of the laminar premixed flame studies
in [76], which corresponds based on the bulk velocity to an uncertainty of less than 6% in the
velocity statistics across the flame front due to thermophoresis.
Beam steering is caused by a change in the refractive index of the fluid due to a temperature
change induced by the flame and therefore a density gradient across the flame front. Kaiser et
al. [56] used a ray–tracing techniques based on Rayleigh images as an approximated measure
of the index–of–refraction field. The result indicated that the spread of the rays in the image
plane was on the sub pixel scale and therefore negligible as discussed by Frank et al. [38]. Han
et al. [47] measured for a lifted hydrogen jet–flame using stereo PIV that the uncertainty due
to the change in refractive index is smaller than 1 pixel as long as the time between the two
images is below one micro second. Bo¨hm [9] found out by comparing time–correlated OH–LIF
images measured in an opposed jet geometry that the flame movement between two images of
50 µs apart was negligible and hence the uncertainty of the velocity measurements caused by
beam steering in the measured time interval could be ignored.
Two types of seeding were used to obtain the PIV–measurements shown in Chapters 5 and
6. To determine the isothermal velocity fields and scalar data in the reactive cases silicon oil
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droplets with an average diameter of one micrometer were used. Reactive velocity data was
obtained using aluminium–oxide particles with an average diameter of three microns. In both
cases the number of excited pixels on the CCD–image was between 2 and 5 pixels. This is
in keeping with the optimal particle image size and therefore avoided errors associated with
peak–locking, which are described in greater detail by Angele and Muhammad–Klingmann [8].
Furthermore, the RMS–uncertainty was kept at a minimum by using a particle image diameter
of more than one pixel [132]. Other suggestions for the optimal particle image diameter range
from 1.5 pixels [108], over 2.0 pixels [105] up to 4.0 pixels [29]. Where the latter was obtained
by a Monte–Carlo calculation including velocity gradients due to shear. The authors suggested
that the presence of shear was the reason for the increase of the optimal particle size on the
PIV–images.
Stagnating flows have a high dynamic range with the minimum velocity approaching zero at
the stagnation plane where the largest errors can be expected [78]. The relaxation time of a
seeding particle to a step change in the fluid velocity was estimated using the approach of Han
and Mungal [46].
τs = d2p
ρp
18µ
(3.7)
The relaxation time for the 1 µm silicon oil droplets (ρp = 980 kg/m3) was estimated at '3 µs
and for the 3 µm Al2O3 particles (ρp = 3, 900 kg/m3) the relaxation time was '29 µs in the
products (µ = 6.7594 10−5 kg/m/s) and '109 µs in the reactants (µ = 1.7835 10−5 kg/m/s)
[76]. The smallest PIV scale based on the largest bulk velocity of 8.0 m/s and the smallest
interrogation window size (32x32 pixels) is around 50 µs and sufficiently large for particles to
follow a step change in the products while particle lag in the reactants might be significant for
the Al2O3 seeding. However, previous work [78] has shown that the reactant velocities obtained
for both types of seeding were within 15%.
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3.3 Flow arrangement
For the isothermal flow measurements dry and filtered air was supplied at 4 bar(g) by a com-
pressor to each nozzle using digital mass flow controllers (Bronkhorst UK LTD). The accuracy
of each mass flow controller was ≤0.8% RD (reading) plus ≤0.2% FS (full scale) and the repro-
ducibility ≤0.1%. The mass flow rate was monitored using a custom written LabView interface
connected to a Readout/Control unit Type E–7000 which was connected via a flow–bus system
to each of the four air mass flow controllers. This allowed a more accurate control of each
single mass flow to ensure the desired bulk flow velocity. A bulk velocity range of 3.0 m/s to
8.0 m/s was covered, which corresponds to a Reynolds numbers in the range 5800–16000. A
co–flowing stream of air with a velocity of 30% of the corresponding bulk flow velocity was
used for each measured flow condition. The co–flowing stream of air was used to reduce the
effect of the shear layer which forms between the opposed jet flows and the ambient air. These
effects were researched by Mouna¨ım-Rouselle and Go¨kalp [95] who looked at the appearance,
location and stability of flames in a counterflowing geometry and the influence of a co–flowing
stream therein. Furthermore, Kostiuk et al. [68, 71] stated that at larger separations an axial
movement of the flow at a low frequency was observed, which was made visible by a bouncing
of the flame brush. A stabilisation of the flame brush off the symmetry plane of the burner
was also noticeable. These effects could be minimised by using co–flowing streams and was
measured using two rotameters (Rotameter–KDG Instruments) up to an accuracy of 2.5% of
full scale deflection giving an overall accuracy of 5%. Silicon oil droplets 1 µm in diameter were
produced using two PALAS Aerosol Generators Type AGF 10.0. The mass flow through each
seeder was controlled by a separate mass flow controller to ensure equal seeding densities for
both nozzles. The main air stream and the secondary air stream carrying the seeding particles
were mixed over a length of approximately one meter before entering each nozzle.
Reactive flows using gaseous fuels were achieved by extending the isothermal configuration
with two mass flow controllers each calibrated for methane, propane and ethylene. The fuels
were supplied using bottles of either methane (99% purity), propane (96% purity) and ethylene
(99.9% purity) at 2.5 bar(g). The liquid fuels JP-10, cyclopentene and cyclopentane, both
breakdown products of JP-10, were supplied at up to 5 bar(g) via a pump (Model LP132)
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to an evaporator mixer unit which delivered up to 17 g/min of vaporised liquid to the lower
nozzle. The temperature in the evaporator mixer unit was set to 50 ◦C for cyclopentane and
cyclopentene. A temperature of 190 ◦C was chosen for JP-10, which should prevent thermal
cracking of the fuel as tests in a heated reactor panel obtained by Cooper and Shepherd [28]
showed that conversion ratios were less than 3.15% for a temperature of 500 ◦C at a mass flow
rate of 2.3 g/hr. To avoid re–condensation between the test rig and the evaporator a heated
hose, which could be controlled up to an accuracy of one degree Celsius, was used.
The liquid fuels could be measured either as a single flame brush with just air in the upper
nozzle or as twin flames against a premixed flame using either of the three gaseous fuels.
Reactive velocity measurements were obtained by using two custom–made solid seeders using
aluminium oxide particles of an average diameter of 3 µm to each nozzle, whereas scalar data
from the flame could be measured using the liquid seeder described in the previous paragraph.
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Figure 3.3: Evaluation of PIV recordings using auto–correlation (upper) and cross–
correlation (lower) [43].
Figure 3.4: Multi-pass with a constant interrogation window size [43].
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Chapter 4
Background on opposed jets
Over the past several decades opposed jet geometries have been used to study laminar and
turbulent flames in non–premixed and premixed configurations. The main reasons for using
counterflowing streams include the planar flame shape, which does not suffer from non–uniform
conditions like bunsen flames in which the flame close to the burner exit experiences a different
environment compared to further downstream, and the perpendicular orientation of the flame
with respect to the axis of the jets, which allows for good experimental access. The flame
is stabilised aerodynamically, thereby preventing all forms of heat loss other than radiation,
so that reaction and extinction are only related to aerodynamics, thermodynamics and the
chemistry of the combustion process. The disadvantages of using opposed jet geometries include
the instability of the flow field at larger nozzle separations, which results in a low frequency
bulk movement of the flame brush due to a missing surface [68] and the sensitivity of nozzle exit
velocity profiles on flow disturbances inside the nozzle. However, the geometrical simplicity and
good accessibility for experimental equipment has made the opposed jet geometry the subject
of many experimental as well as computational studies.
Measurements have in the past focused mainly on strain rate and velocity field characteristics
as well as the extinction behaviour at both flammability limits. An overview of past work
for non- and partially premixed combustion will be given in the Section 4.1, followed by a
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more detailed review of turbulent premixed combustion in Section 4.2. The isothermal flow
conditions are discussed in the following section with reference to reactive flow studies.
4.1 Non- and partially premixed turbulent studies
Extinction and temperature characteristics for turbulent non- and partially premixed flames
were examined by Mastorakos et al. [87, 89]; Yoshida et al. [137]; Kitajima et al. [60, 61]; Sardi et
al. [114, 115] and others. Mastorakos et al. [87, 89] presented extinction limits, flame appearance
and mean and fluctuating temperatures obtained by compensated fine–wire thermocouples.
The bulk flow stretch rate, which is proportional to the bulk velocity, was found to affect the
flame extinction of non–premixed, flames while partial premixing increased flame stability. The
effects of turbulence intensity on extinction limits were also apparent and the summation of
bulk and turbulent strain rate was used to describe extinction. The temperature field showed no
significant change as extinction was approached. This insensitivity was due to a low frequency
bulk motion of the flow, which also resulted in broad temperature probability density functions.
The stability of the flame was further improved for the non– and partially premixed cases as
the reactants were diluted by hot products.
Kitajima et al. [60, 61] found that the turbulent flame kept the quantitative shape of the
laminar flame, which means that the diffusion regions of the turbulent non–premixed flames
are wrinkled by the turbulent flow, while local structures are only moderately influenced by
the turbulent conditions. Yoshida et al. [137] related the extinction of diffusion flames to the
insufficient supply of reactants to the reaction zone by the diffusion process. Sardi et al. [115]
imposed oscillations on turbulent non- and premixed counterflow flames studying the effects on
extinction. Extinction limits were quantified in terms of the elapsed time from the beginning
of the pulse to extinction. The extinction time was dependent on amplitude and frequency of
the oscillation.
Velocity fields and strain rate characteristics for laminar diffusion flames were investigated by
Rolon et al. [113] and recently extended by Amantini et al. [6] with simultaneous PIV-OH/CO-
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LIF measurements. In addition, turbulent partially premixed flames were researched by Geyer
et al. [40, 41], Bo¨hm et al. [10] and others. Bo¨hm [9] extended the velocity measurement using a
high–speed PIV and also presented in–nozzle data for up to 3.4 m/s bulk velocity. Such inflow
data is a crucial parameter for isothermal and reactive predictions using large-eddy-simulations
LES as shown by Stein [124].
Rolon et al. [113] used laser–Doppler–anemometry (LDA) to study the flow field of laminar
non–reactive opposed jets and highlighted differences between the experimental flow field and
an ideal flow case used in theoretical studies. It was also shown that a constant velocity gradient
along the axial and radial burner axis is present and the change of the axial and radial veloc-
ity profiles for various nozzle separations was quantified. Geyer et al. [40, 41] measured scalar
and velocity field characteristics for turbulent, partially premixed methane/air flames along the
burner centreline using Raman/Rayleigh–scattering, OH–PLIF and 2D–LDV respectively. The
necessity of measuring scalar gradients throughout the flame was discussed, because an approx-
imation of the gradient based on the measured reaction zone width is not appropriate. Bo¨hm
et al. [10] used PIV with a particle tracking algorithm and simultaneous OH–PLIF imaging
to determine conditional flow field properties for two locations. Furthermore, measurements
were extended using a high–speed PIV/OH–PLIF system to obtain time correlated conditional
flow field statistics in order to determine the interaction of eddies in the vicinity of the flame
front under conditions leading to extinction [9]. In addition, mean vorticity and dilatation were
measured for three different flow conditions. It was shown that, particularly when approaching
the reaction zone, the vorticity increased whilst axial strain and dilatation approached local
minima. Furthermore, a reduction in the extinction limits was found to be due to the seeding
of the flow, which is in agreement with the measurements of premixed combustion carried out
by Lindstedt et al. [78].
4.2 Turbulent premixed combustion
Turbulent premixed combustion in opposed jet geometries has been investigated experimen-
tally in terms of flame structure, extinction and relight characteristics with velocity and scalar
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fields also obtained. Preparatory isothermal studies were presented by Kostiuk et al. [70],
Korusoy and Whitelaw [66] and Lindstedt et al. [77]. Flame structure, velocity– and scalar
field measurements were performed, amongst others, by Mouna¨ım–Rouselle and Go¨kalp [95],
Kostuik et al. [72] and Lindstedt and Luff [78]. Strain effects and extinction and relight char-
acteristics were discussed by Kostiuk et al. [71], Mouna¨ım–Rouselle and Go¨kalp [96], Sardi and
Whitelaw [116], Korusoy and Whitelaw [67], Luff et al. [82] amongst others.
Isothermal velocity field measurements were performed to understand the stagnating flow in
the absence of combustion. The mean velocity and its fluctuations were measured for a broad
range of bulk velocities, nozzle separations and various turbulence intensities using LDV by
Kostiuk et al. [70]. The mean axial velocity profiles across the nozzle were assumed to be
constant for the central region of the jets, as was the velocity gradient of the mean axial
velocity at a distance of half a nozzle diameter from the stagnation point along the burner axis.
Korusoy and Whitelaw [67] used static-pressure probes and measured a large static pressure
increase at the nozzle exit plane for separations smaller than one nozzle diameter, which led to
a decrease in axial mean velocity and also to increased values of total strain at the stagnation
point streamline. Lindstedt et al. [77] showed that the mean velocity profiles at the nozzle exit
were increasingly less uniform when the nozzle separation was less than one nozzle diameter.
Furthermore, an increase in the axial Reynolds stress component with higher bulk velocities
was measured along the burner axis, while the radial component stayed unchanged.
A comparison of the Reynolds stresses as presented by Kostiuk et al. [70], Mastorakos [86]
and Lindstedt et al. [77] showed strong discrepancies possibly due to a number of factors that
include differences in burners, the turbulent intensities produced by the perforated plates, the
distance between the turbulence generating plate and nozzle exit plane, the nozzle separation,
the bulk velocities, as well as the different measurement techniques used. Kostuik et al. [71]
and Mastorakos [86] used LDV, whereas Lindstedt et al. [78] used a PIV system to determine
the instantaneous velocity information.
Mouna¨ım-Rouselle and Go¨kalp [95] looked at the appearance, location and stability of flames
in a counterflowing geometry and the influence of a co–flowing stream. As stated by Kostiuk et
al. [68, 71], at larger separations an axial movement of the flow at a low frequency was observed,
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which was made visible by a bouncing of the flame brush. Stabilisation of the flame brush off
the symmetry plane of the burner was also noticeable. An explanation for this could be an
interaction of the jets with the surrounding air. Both aspects were improved when co–flowing
streams were used, which could be confirmed by a more homogeneous turbulence distribution
and less energy in the lower frequencies of the axial turbulence spectra. Furthermore, the
curvature of the outer edge of the flame was reduced and a larger, more planar flame shape was
achieved. Kostiuk et al. [72] measured local scalar statistics for premixed propane flames with
an equivalence ratio of 0.9 using sheet laser tomography. By increasing the bulk strain rate,
the flame was forced to extinguish. The flame thickness and curvature was calculated based on
the mean progress variable. A comparison of the two flame brushes showed that the thickness
of the lower flame was increased by approximately 25%. Additionally, due to buoyancy effects
the lower flame curved concavely towards the products while the upper flame curved towards
the reactant stream. As a result, the flames were stretched differently towards their outer
edges. The differences in flame thickness and stretch of the lower and upper flame could raise
the question, whether, in the context of computations, a symmetry boundary is adequate.
The authors also noted that further investigation into co–flowing streams was needed, as also
discussed earlier by Mouna¨ım-Rouselle and Go¨kalp [95].
In a later study, Lindstedt et al. [78] extended the velocity and scalar field data of turbulent
premixed flames. A PIV system using silicon oil droplets was used to obtain instantaneous
measurements of reactants and products for lean methane, propane and ethylene flames, while
aluminium oxide particles were used for the velocity field measurements. It was shown that
the mean progress variable was in good agreement with thermocouple measurements and com-
putations using the second moment closure proposed by Lindstedt and Vaos [79].
Operational limits for turbulent premixed propane flames were characterised in terms of extinc-
tion and flashback by Kostiuk et al. [69, 71]. The extinction limits, which occur at higher flow
rates and turbulence intensities, were determined in terms of nozzle separation and maximum
bulk velocity. For larger nozzle separations, an asymptotic relationship of separation and exit
velocity at extinction was found, suggesting that turbulent stretch on its own could also lead
to global flame extinction. A total strain rate was defined as the total of bulk and turbulent
51
strain as shown in Eq. 2.12.
Global extinction starts with a reduction in the distance of the twin flames until they appear
as a single flame brush, their luminescence decreases and the flame brush vanishes. This
can be achieved either by reducing the nozzle separation or by increasing the bulk velocity,
both of which lead to an increase in the total strain, used to force flame extinction. Extinction
measurements far from the lean flammability limit were also obtained using two loudspeakers to
force the flow at a discrete frequency of 200 Hz [82]. In the absence of re–ignition, the location
of the local extinction was found to be vital for global flame extinction. If local extinction
occurs at the instantaneous stagnation point the flame will extinguish globally, whereas locally
extinguished mixtures away from the stagnation point will be convected in radial direction and
not result in global extinction.
Mouna¨ım-Rouselle and Go¨kalp [96] identified two extinction regimes for lean premixed turbu-
lent methane flames. In contrast to Kostiuk et al. [69], who stated that the bulk velocity at
extinction showed an asymptotic behaviour for increasing nozzle separations for lean propane
flames, Mouna¨ım-Rouselle and Go¨kalp observed first an increase in the bulk velocity and re-
lated the extinction up to the maximum stabilisation velocity to the imposed total stretch.
Whereas, for larger nozzle separations a dilution of the reactant mixture with the surrounding
air took place. Sardi and Whitelaw [116] measured extinction characteristics of unforced and
periodically forced flow conditions using loudspeakers. Extinction showed a dependency on the
total duration of the sinusoidal pulsations. The chemiluminescence of the flame varied with
velocity so that the flame showed a gradual weakening throughout the pulsation which led
to an amplitude dependent extinction after a finite number of cycles. Furthermore, a com-
parison of the extinction limits of symmetrical and non–symmetrical flames was carried out.
Non–symmetrical flame conditions refer in this context to different stoichiometries for each
nozzle and not to the actual flame shape. The measurements showed that asymmetrical flame
conditions could withstand higher strain rates than symmetrical flames, provided the same
quantities of fuel were used. Extinction and relight was characterised for methane by Korusoy
and Whitelaw [67] and extended for propane and ethylene by Luff et al. [82] for nozzle sepa-
rations of 0.2 to 2.0 times the nozzle diameter. A dark ring was observed close to the nozzle
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rim, which was independent of the fuel type. The local extinction observed, coincided with
the peak values of the radial strain calculated using Eq. 4.1, where V is the mean radial fluid
velocity and r is the radial coordinate.
arad =
V
r
+
δV
δr
(4.1)
The next two chapters present isothermal and reactive flow measurements using PIV and fine–
wire thermocouples. Velocity and scalar data is presented with a focus on the centreline of the
burner and the stagnation plane, which is here referred to as the symmetry plane between the
two nozzles. The nozzle separation is one diameter unless stated otherwise.
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Chapter 5
Isothermal opposed flows
The current chapter describes isothermal flow field measurement in the current opposed jet
geometry. Section 5.1 covers velocity measurements between and inside the nozzles for a bulk
velocity range from 3.0 m/s to 8.0 m/s (Ret ' 49− 125). Comparisons with previous velocity
measurements obtained by Luff [85], Mastorakos [86] and Kostiuk et al. [70] are presented for
mean axial and radial profiles and normal Reynolds stress components. Inflow data inside the
lower nozzle is also compared with LES calculations by Stein [124]. Section 5.2 comprises veloc-
ity measurements using additional fractal cross grids, which increased the turbulent intensities
by a factor of two at the nozzle exits (Ret ' 109− 220).
5.1 Isothermal flow measurements using perforated
plates
A flow velocity range from 3.0 m/s to 6.0 m/s, corresponding to a Reynolds number range of
5,780 – 11,550, was used in the current study. Normalised velocity profiles are shown for the
centreline of the burner in the left half and for the symmetry plane between the nozzles in
the right half of Fig. 5.1. All measurements were normalised to show their scalability with the
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corresponding bulk velocity. The mean axial profile shows the expected deceleration towards
the stagnation point (x = 0), whereas the mean radial velocities accelerate in the radial direction
from zero. Asymmetries as reported by Lindstedt et. al [77] in the radial direction were less
noticeable due to a co–flowing stream of air at 30% of the bulk velocity. Higher co-flow velocities
led to increased strain at radial distances larger than 1D and resulted in changes of the flame
shape for the reacting studies. Therefor, co-flow velocities below 30% of the bulk velocity were
chosen for the measurements presented in chapters 5 and 6. An increased accuracy in the
nozzle alignment using fine adjustment screws with a pitch of 0.35 mm per turn at the top
nozzle and additional adapter rings for top and bottom nozzle resulted in a coaxial alignment
better than 0.2 mm and angular of 0.5◦.
Normalised Reynolds stress components along the centerline of the burner are presented in
Fig. 5.2. The normal stresses increased towards the nominal stagnation point and reached
maximum values of 0.02U2b and 0.0075U
2
b in the axial and radial directions for bulk velocities
up to 4.0 m/s. The level of anisotropy of the normal stresses is in qualitative and quantitative
agreement with Lindstedt et al. [77] and in qualitative agreement with Kostiuk et al. [70] and
Mastorakos et al. [86]. However, an increase of both stress components between 4.0 m/s and
5.0 m/s to 0.03U2b and 0.01U
2
b was apparent. Possible reasons are discussed alongside the
in–nozzle measurement in Section 5.1.1.
Normalised axial and radial Reynolds stress components along the stagnation plane showed
almost constant values of 0.02U2b and 0.007U
2
b , as shown in Fig. 5.3. An increase in scatter was
noticeable beyond a radial distance of one burner diameter as also shown by Lindstedt et al. [77],
which was due to the fact that a shear layer formed between the flow and the surrounding air.
The influence of this shear layer on the normal stresses grew with radial distance from the
nominal stagnation point, which can also be seen in the measurements obtained by Lindstedt
et al. [77], who measured an increase of up to 400% in the Reynolds stresses at two nozzle
diameters in the radial direction without a co–flow. The influence of the shear layer on the
velocity field could be reduced by using a co–flowing stream but not entirely avoided as there
is still some degree of scatter along the stagnation point streamline.
A comparison with previous measurements obtained by Luff [85] for a mean bulk velocity of
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3.0 m/s along the burner centreline and the stagnation plane is shown in Fig. 5.4. The degree
of symmetry of the mean axial velocity profile has increased, whereas the radial velocity profile
along the stagnation plane is of comparable shape. Figure 5.5 shows a comparison of axial and
radial Reynolds stress components with LDV–data obtained by Mastorakos [86] and Kostiuk
et al. [70] and with PIV by Luff [85]. Both LDV–data sets were taken at a nozzle separation
of 20 mm, at bulk velocities of 1.64 m/s and 8.0 m/s and hole diameters of 4.0 mm and
2.0 mm by Mastorakos [86] and Kostiuk et al. [70]. The PIV–measurements by Luff [85] were
taken at the same bulk velocity using an opposed flow configuration with an equal location of
perforated plates and a similar contraction contour of the nozzle, but the test–rigs had different
nozzle diameters. The main differences between the PIV derived data and LDV are found in
the vicinity of the stagnation point for both Reynolds stress components. Kostiuk et al. [70]
measured significantly, up to a factor of three, higher Reynolds stress components throughout
the domain. However, the data of Mastorakos [86] agrees well with both PIV data sets at the
nozzle exits up to an axial distance of 0.15D. A possible explanation for the higher fluctuations
might be that the development length of 20 mm inside the nozzle is not sufficiently long to
generate homogeneous turbulence. Generally, the jets generated by the perforated plates need
more than 30 mm to homogenise, which can be seen for a bulk velocity of 7.0 m/s in Fig. 5.6
(Section 5.1.1). The current measurements and the data obtained by Luff [85] show a good
overall agreement for the mean and fluctuating velocities. Given that the burner configuration
had the largest similarities of all four cases, it shows that a high degree of reproducibility in
opposed jet geometries is achievable.
5.1.1 Inflow–field measurements
To enable measurements of the in–nozzle flow field the steel nozzle in the lower opposed jet
burner was replaced with an identical glass nozzle as also presented by Bo¨hm [9] for bulk flow
velocities up to 3.7 m/s. The current study extends the velocity range up to 8.0 m/s with
the aim to give insights in the nature of the break–up behaviour of the jets generated by the
perforated plates and to give a possible explanation for the sudden increase in the turbulent
intensities between 4.0 m/s and 5.0 m/s. The measurements also provides boundary inlet
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conditions for calculations over a wide range a bulk velocities.
Contour plots of the normalised mean axial velocity fields and normalised axial and radial
Reynolds stress components are shown for bulk velocities of 3.0 m/s and 7.0 m/s in Figs. 5.6,
5.7 and 5.8, respectively. The break up of the jets generated by the perforated plates is indicated
by a monotonic decrease in the mean jet velocity. A comparison of the two normalised velocity
fields shows that the jets, on average, break–up 2 mm earlier at a bulk velocity of 7.0 m/s than
at 3.0 m/s. This is also apparent in both Reynolds stress components as the highest turbulence
intensities are closer to the perforated plates at higher bulk velocities. Comparing the jet
velocities and their fluctuations for both cases shows that an increase in the bulk velocity
leads to a decrease in homogeneity and symmetry of the flow which was also found further
downstream for a bulk velocity of 8.2 m/s by Lindstedt et al. [77].
Figure 5.9 shows the mean axial velocity profiles and their fluctuations of the central jet for bulk
velocities between 3.0 m/s and 6.0 m/s. A decrease in the mean velocity is noticeable with an
increase in bulk velocity. The peak value of the fluctuations is higher for lower bulk velocities
as shown in the lower half of Fig. 5.9. However, the increase in turbulence intensities shifts
towards the perforated plate when the bulk velocity is increased. Beyond 20 mm (xg/D = 0.7)
downstream, a decay of the turbulent intensities, which homogenise towards the nozzle exit,
is observed. An LES–study of the in–flow conditions for bulk velocities up to 3.0 m/s showed
that strong superimposed fluctuations led to lower turbulence intensities at the stagnation
point. In other words, the higher turbulence intensities at the stagnation point may occur from
individual jets penetrating the stagnation plane [124] and thereby represent large coherent
structures instead of small scale quantities. Furthermore, Stein [124] discussed that for LES
simulations the velocity field inside the nozzle is a necessary requirement for the accurate
prediction of the isothermal flow between the nozzles.
Figure 5.10 shows a comparison between PIV–measurements and LES–calculations [124] of the
in–nozzle flow field at a bulk velocity of 3.0 m/s. The additional velocity information gained
from the measurements helps the simulations to determine the break–up point of the jets and
leads to a more reliable prediction of the isothermal flow field.
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5.2 Fractal–generated turbulence
Fractal–generated turbulence was introduced 50 mm upstream from the nozzle exit by 2 mm
thick grids as shown in Fig. 3.2. A fractal dimension (Df ) of 2.0 for space filling cross grids,
as suggested by Hurst and Vassilicos [53], was used and five different grids were selected for a
parametric study. The applied grid parameters are shown in Table 5.1, where δ is the blockage
of the grids with Tmax the largest and Tmin the smallest fractal bar width. Drawings used
for the manufacture of the tested grids are shown in Fig. 5.11. In the discussion below, the
distance from the fractal grid is denoted xG while the distance from the nozzle exit is given as
x.
Table 5.1: Parameters for the fractal cross grids.
Fractal grid Blockage (δ) Tmax [mm] Tmin [mm] Tr [-]
I 65% 2.0 0.5 4
II 60% 1.5 0.5 3
III 57% 1.25 0.5 2.5
IV 50% 2.0 0.25 8
V 77% 2.0 0.75 2.67
In order to measure flow statistics close to the fractal plate, the steel nozzle of the lower jet
was replaced by a glass nozzle with equal dimensions. Measurements of velocity inside the
nozzle were obtained in order to understand the flow field evolution and to provide boundary
conditions for computational studies. The axial development of the flow inside the nozzle
behind Grid I is shown at three locations (xG/D = 0.7, 1.0 and 1.3) in Fig. 5.12 and for bulk
velocities of 4 m/s and 8 m/s. The vertical bars shown indicate the sum of all errors including
those caused by flow asymmetry and the same applies to all subsequent graphs unless otherwise
stated. The results show that an essentially uniform flow field is achieved before the nozzle
exit at xG/D = 1.67 is reached.
Results obtained for other fractal grids with variations of the largest and smallest fractal widths
can be found in Figs. 5.13 and 5.14. Again the mean radial velocity profiles corresponding
to bulk velocities of 4.0 m/s and 8.0 m/s are shown along with normalised Reynolds stress
components at 4.0 m/s. The axial location corresponds to 10 mm upstream of the nozzle exit
58
(xG/D = 1.3). Mean velocity profiles show a reduction close to the centre of the grid where
the largest fractal cross is located. The drop in the mean velocity reduces with an increase in
the total blockage of the grid. The grid with a width of 2.0 mm for the largest bar provided
the highest turbulent intensities and the most isotropic flow conditions as shown in the lower
half of Fig. 5.13. The variation of the smallest bar width and its influence on the mean axial
velocity profiles and their fluctuations is shown in.
The mean profiles obtained for bulk velocities of 4.0 m/s and 8.0 m/s show an increase in
homogeneity as the blockage is increased to 77% of the total area – in agreement with the
findings shown in Fig. 5.13. The Reynolds stresses shown in the lower half of Fig. 5.13 suggest
higher intensities with an increase of the width, and hence the blockage ratio, of the smallest grid
bar. However, as the blockage ratio goes above 65%, the radial stress becomes less uniform
despite errors smaller than 0.5◦ in the angular alignment of each nozzles. The effect also
becomes noticeable in the mean velocities and axial fluctuation. Overall, the optimal blockage
fraction for the fractal cross grids is between 65% and 77%. However, the strong sensitivities
noted at very high blockage ratios can be expected to impact reproducibility of results and,
accordingly, the fractal grid with the dimensions shown as Grid I in Table 5.1 was chosen for
all remaining measurements. Contour plots of the mean axial velocity and the axial and radial
Reynolds stress components at a distance between 10 mm (xg/D = 0.3) and 40 mm (xg/D =
1.3) downstream of Grid I are shown in Fig. 5.15. A direct comparison between the in–nozzle
measurements of the perforated plates (Figs. 5.6, 5.7 and 5.8) and the 2D-velocity information
for the fractal grid shows that the axial and radial turbulence stress component is not generated
by the break–up of single jets but at a radial direction of the second largest fratal cross and
homogenises towards the nozzle exit plane (xg/D = 1.67).
A reduction in the mean axial velocities can be found close to the burner axis due to the influence
of the largest fractal cross. The mean axial velocity profile becomes more homogenous with an
increase in distance from the fractal grid. A degree of inhomogeneity is noticeable at the nozzle
exit plane (also see Fig. 5.16 and discussion below). The highest axial Reynolds stresses are
found in the region of second largest fractal cross, whereas the radial stress component shows a
less distinct maximum. Both Reynolds stress components homogenise towards the nozzle exit
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to a value of approximately 0.025U2b . As also shown in Fig. 5.14, the flow 10 mm (xg/D = 1.3)
upstream of the nozzle exit is close to isotropy. Hence, the evolution of the flow field moves
from anisotropy close to the fractal grid via more homogeneous conditions before leading to
anisotropy towards the stagnation plane as discussed below.
5.2.1 Mean velocities and normal stresses
Mean velocity profiles 3.0 mm downstream of the nozzle exit are shown in the upper half of
Fig. 5.16 for both perforated plates and fractal grids. A large reduction to approximately 0.8Ub
at the centreline of the mean axial velocity profile can be seen with the fractal grids. Whereas
the mean axial velocity of the perforated plates has similarities with a top hat. The radial
velocities are of comparable magnitude with the expected acceleration towards the nozzle rim.
The increase in the turbulent intensities by a factor of two with the additional fractal grids can
be seen for both Reynolds stress components in the lower half of Fig. 5.16. A certain degree
of inhomogeneity along the nozzle diameter is still present, which could be reduced by placing
the grids further upstream.
Figure 5.17 shows axial and radial Reynolds stress components along the axis. The left hand
side of each graph shows a nozzle fitted with a combination of the perforated plate and fractal
grid, while the right hand side is only fitted with a perforated plate. The measurements
clearly show an increase of the order of 100% for both Reynolds stress components for mean
bulk velocities of 4.0 and 5.0 m/s. Examples of Reynolds stress components obtained with
increasing mean bulk velocities are shown in Fig. 5.18 for a velocity range of 4.0 to 8.0 m/s. A
rise in normalised stresses by 150% can be seen along the axis towards the nominal stagnation
point of the flow. Both Reynolds stress components scale with the square of the bulk velocity
over the whole measured range.
The influence of increasing nozzle separation on the mean velocities and the normal stresses
was investigated 3.0 mm from the exit plane of the bottom nozzle and can be found in Fig. 5.19.
Due to a decrease in static pressure at the axis with increasing nozzle separation a reduction
in the mean axial velocity in the central area of the nozzle and in a radial direction towards
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the nozzle rim can be seen. In regards to the profiles at the stagnation plane, the largest
change is found in the radial stresses, as the radial stress reduces by 0.01U2b with an increase
in nozzle separation to 1.4 D (Fig. 5.20), whereas all other quantities remain with comparable
magnitude.
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Figure 5.1: Left: Mean axial velocity profiles along the burner axis. Right: Mean radial
velocity profiles along the stagnation point streamline. Bulk velocity: + 3.0 m/s; ◦
4.0 m/s; 4 5.0 m/s and  6.0 m/s.
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Figure 5.2: Reynolds stress components along the centreline of the burner. Correspond-
ing bulk velocity: + 3.0 m/s; ◦ 4.0 m/s; 4 5.0 m/s and  6.0 m/s.
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Figure 5.3: Reynolds stress components along the stagnation point stream line. Corre-
sponding bulk velocity: + 3.0 m/s; ◦ 4.0 m/s; 4 5.0 m/s and  6.0 m/s.
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Figure 5.4: Comparison of the axial (left) velocity profiles along the burner axis and
radial (right) velocity profiles along the stagnation point streamline at a bulk velocity of
3.0 m/s. ◦ represent the measurements from the current opposed jets using perforated
plates and  Lindstedt et al. [85].
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Figure 5.5: Comparison of the Reynolds stress components along the centreline of the
burner. Kostiuk et al. [70] × at 8.0 m/s, 4 Mastorakos [86] at 1.64 m/s,  Lindstedt et
al. [85] and ◦ current measurement at 3.0 m/s bulk velocity.
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Figure 5.6: Normalised mean axial velocity fields inside the lower nozzle. The perforated
plate is located at an axial distance of zero. Mean bulk velocity: (upper) 3.0 m/s and
(lower) 7.0 m/s.
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Figure 5.7: Normalised mean axial Reynolds stress component inside the lower nozzle.
The perforated plate is located at an axial distance of zero. Mean bulk velocity: (upper)
3.0 m/s and (lower) 7.0 m/s.
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Figure 5.8: Normalised mean radial Reynolds stress component inside the lower nozzle.
The perforated plate is located at an axial distance of zero. Mean bulk velocity: (upper)
3.0 m/s and (lower) 7.0 m/s.
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Figure 5.9: Upper: Mean axial velocity profiles along the burner axis inside the nozzle.
Lower right: Normalised mean axial (left) and radial (right) Reynolds stress component.
Bulk velocity: + 3.0 m/s; ◦ 4.0 m/s; 4 5.0 m/s and  6.0 m/s.
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Figure 5.10: Upper row left: Mean axial velocity profiles along the burner axis at a bulk
velocity of 4.0 m/s. Right: Comparison of the normalised mean radial velocity profiles
10 mm downstream of the perforated plates. Lower row: Normalised mean axial (left)
and radial (right) Reynolds stress components. Symbols represent PIV–measurements
and solid line represents LES–calculations by Stein [124].
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Figure 5.11: Dimensions of the parametric study of the fractal cross grids. Left column
corresponds to the study of Fig. 5.13 and the right column to the study shown in Fig. 5.14.
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Figure 5.12: The axial development of the flow field inside the nozzle downstream of
Grid I as shown in table 5.1. Left Ub = 4.0 m/s and right Ub = 8.0 m/s. Upper row
normalised mean axial velocity, middle row normalised axial Reynolds stress component
and lower row radial Reynolds stress component.  – 0.7 xG/D; 4 – 1.0 xG/D and ◦ –
1.3 xG/D. The nozzle exit is located at xG/D = 1.67.
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Figure 5.13: Variation of the largest fractal width (Tmax) at constant Tmin of 0.5 mm.
Upper row: Normalised mean bulk velocity. Left Ub = 4.0 m/s and right Ub = 8.0 m/s.
Lower row: Normalised axial (left) and radial (right) Reynolds stress components at Ub
= 4.0 m/s. ◦ Tmax = 2.0 mm; × Tmax = 1.5 mm and  Tmax = 1.25 mm.
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Figure 5.14: Variation of the smallest fractal width (Tmin) at constant Tmax of 2.0 mm.
Upper row: Normalised mean bulk velocity. Left Ub = 4.0 m/s and right Ub = 8.0 m/s.
Lower row: Normalised axial (left) and radial (right) Reynolds stress components at Ub
= 4.0 m/s. 4 Tmin = 0.75 mm; ◦ Tmin = 0.5 mm and × Tmin = 0.25 mm.
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Figure 5.15: Contours of mean axial velocities (upper), axial (middle) and radial (lower)
Reynolds stress components upstream of the nozzle exit plane obtained with Grid I for a
bulk velocity of 4.0 m/s. The burner axis is located at 0 mm in radial direction, whereas
a value of 0 mm in axial direction would denote the nozzle exit plane.
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Figure 5.16: Comparison of the perforated plates with 4.0 mm holes and fractal Grid I.
Upper row: Left normalised axial and right normalised radial velocity with Ub = 4.0 m/s
at a distance of 3.0 mm from the nozzle exit. Lower row: Normalised Reynold Stress
components. 4 – Perforated Plate and ◦ – Fractal Grid.
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Figure 5.17: Centreline profiles of the normalised axial (left) and radial (right) Reynolds
stress components. The positive x-axis denotes turbulence generation via a perforated
plate and the negative axis via fractal Grid I. ◦ Ub = 4.0 m/s and 4 Ub = 5.0 m/s.
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Figure 5.18: The effects of increasing bulk velocity on the axial (left) and on the radial
(right) normal stress component along the centreline with a bulk velocity of Ub = ◦ 4.0,
4 5.0,  6.0, and × 8.0 m/s. Fractal grids with T0 = 2.0 and T3 = 0.5 were used.
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Figure 5.19: The effects of increasing nozzle separation on mean velocities at 3.0 mm
distance from the nozzle exit with bulk velocity of Ub = 4.0 m/s (upper) and Ub = 8.0 m/s
(lower). Left: Nomalised mean axial velocity. Right: Normalised mean radial velocity.
H/D: ◦ 1.0, 4 1.2 and  1.4.
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Figure 5.20: The effect of increasing nozzle separation on the mean radial velocity and the
Reynolds stress components along the nominal stagnation plane. Upper row: Mean radial
velocity and radial stress component for Ub = 4.0. Lower row: Axial stress component
for (left) Ub = 4.0 m/s and (right) Ub = 8.0 m/s. H/D: ◦ 1.0, 4 1.2 and  1.4.
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Chapter 6
Reacting opposed flows
This chapter describes reactive flow measurements for gaseous and prevaporised liquid fuels.
Section 6.1 provides details on measurements of the reaction progress variable and its variance.
Velocity statistics, strain rate and scalar data are presented for gaseous and liquid fuels in
Section 6.2 and Section 6.3, respectively. Methane, propane and ethylene were used as fuels in
the former section, whereas JP-10 or exo-tetrahydrodicyclopentadiene (C10H18) [21] and two
of its break–down products, cyclopentane (C5H10) and cyclopentene (C5H8) were used in the
latter.
6.1 Temperature measurements
The aim of this section is to provide a background to how the scalar data in Section 6.2 and
Section 6.3 was derived using PIV–measurements. Temperature measurements in two lean
premixed flames, discussed below, were used to validate the method of obtaining progress
variable statistics by using PIV–data. Computations using the second moment closure by
Lindstedt and Vaos [79] were also used for comparison purposes.
Instantaneous temperature measurements were obtained along the burner axis and along the
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stagnation plane in the opposed jet geometry, described by Lindstedt et al. [77], for lean
methane and propane flames using fine wire thermocouples of 25 µm diameter. Radiative
heat losses were estimated to be less than 100 K and the time constant of the thermocouple
was calculated to be 12.8 µs as explained in Section 3.2.1, which is comparable to the time
constant determined by Heitor [49]. The instantaneous temperature signals were normalised by
their adiabatic flame temperatures [74] and are presented in Fig. 6.1. The fluctuations of the
temperature signal suggests a flame movement across the nominal stagnation point for both
fuels as previously discussed in Chapter 4.
The classical flamelet model by Bray–Moss–Libby (BML) [17] for turbulent premixed flames, is
based on a reaction progress variable (C) which takes a value of one for the products and zero
for the reactants. The mean temperature profiles and their fluctuations can be converted into
a mean and fluctuating component of the reaction progress variable for comparison purposes
using Eqs. 6.1 and 6.2 respectively, where u indicates the unburnt reactants and b the burnt
products. The results are compared with silicon oil PIV–measurements [85] and calculations
obtained by Lindstedt et al. [78] in Fig. 6.2.
C =
T − Tu
Tb − Tu (6.1)
C ′ =
√
T ′2
Tb − Tu (6.2)
In this context it is important to note that for a comparison of experimental and numerical
results the type of averaging needs to be taken into account. While numerical calculations are
preferably expressed in terms of Favre averages as shown in Eq. 6.3, experimental measure-
ments often appear to provide their results in terms of Reynolds decomposition as presented
in chapter 2.
Φ˜ = Φ˜ + Φ′′ with Φ˜ =
ρΦ
ρ
(6.3)
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To compare data using either Favre or Reynolds decomposition a conversion as shown in Eq. 6.4
needs to be considered for the reaction progress variable, where C denotes the mean value of
the Reynolds decomposition and C˜ the Favre mean as proposed by Bray et al. [17–20].
C =
(1 + τ)C˜
1 + τC˜
(6.4)
The progress variable obtained by the thermocouple measurements suggests an average flame
location of 0.01D further upstream compared with the PIV–measurements, which is due to
the radiative heat losses of the thermocouple. Taking this into account, both the measured
values and the calculations show a good agreement for the first two moments. Temperature
measurements along the stagnation point streamline could only be obtained for a methane flame
with φ = 0.7 as the fine wire thermocouple could not withstand the thermal stresses associated
with higher equivalence ratios. A comparison with PIV–measurements and calculations along
the stagnation plane is presented in Fig. 6.3. The mean profile shows a slight reduction in
the progress variable towards the nozzle rim which could be due to the fact that the flames
are curved slightly concave towards their reactant stream. The fact that silicon oil evaporates
across the flame front enables the probability of finding either reactants or products to be
determined. In the current work 1000 instantaneous PIV–images were used. Measurements
of the two first moments of the progress variable are shown alongside velocity and strain rate
data for turbulent premixed twin flames in the next two sections.
6.2 Gaseous fuels
Methane, propane and ethylene were used as fuels. Velocity statistics, strain rates and the
reaction progress variable are presented along the centreline of the nozzle and the symmetry
plane between the nozzle for premixed twin flames in a turbulent Reynolds number range
of 95 – 220. The lean flames cover a range of stoichiometries (0.7 ≤ φ ≤ 0.9) and extend
previous work of Luff [85] to higher bulk velocities and increased turbulent intensities using the
additional fractal grids described in Section 5.2. A range of Karlovitz and Damko¨hler numbers
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are approximated using Eq. 2.16 and Eq. 2.18 and are shown for methane and ethylene in
Table 6.2. Quantities for the laminar flame thickness can be found in the literature either
measured amongst others by Andrews and Bradley [7], Yamaoka and Tsuji [136], Clarke and
Hargrave [27] or calculated by Lindstedt [75], presented in Table 6.2.
The laminar burning velocity used to approximate the Damko¨hler and Karlovitz numbers, were
measured by Vagelopoulos and Egolfopoulos [128] and Egolfopoulos et al. [34]. The integral
length scale was calculated using Eq. 2.5 for isothermal flow conditions using the additional
fractal grids and a value of 3.1 mm ±0.1 mm was obtained. The corresponding Kolmogorov
length scale was estimated using Eq. 2.7 to be 0.25 mm for a bulk velocity of 4.0 m/s and
0.19 mm for 8.0 m/s. The laminar flame thicknesses were obtained using Eq. 6.5, which is
based on the thermal diffusivity of the reactant mixture, and the laminar burning velocity
[45, 100]. A further laminar flame thickness based on the thermal thickness of the reaction
zone was also calculated using Eq. 6.6 [122]. Both flame thicknesses are generally smaller than
the global flame thickness [121].
lF =
(λ/cp)T0
(ρsL)u
=
Dth
sL
(6.5)
δth =
Tb − Tu
max[∂T/∂z]
(6.6)
Using the approximation for the Damko¨hler and the Karlovitz number for methane and ethylene
as fuels and an integral length scale of 3.1 mm showed that the opposed jet geometry can be
assumed to be in the regime of fast chemistry as the Damko¨hler is greater than unity (compare
the regime diagram proposed by Borghi shown in Fig. 2.4). Depending on the definition of the
laminar flame thickness as shown in Eqs. 6.5 and 6.6, the Karlovitz number varies almost one
order of magnitude. Using Eq. 6.5 would place the opposed jet geometry in the left region of
the corrugated flamelets towards the boarder of the thin reaction zones, which is in agreement
with previous estimates [124].
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Table 6.1: Approximation of Damko¨hler and Karlovitz numbers for methane and ethy-
lene. The length scale used for calculating the Damko¨hler number was 3.1 mm and for
the Karlovitz numbers either 0.25 mm for methane or 0.19 mm for ethylene was used.
Fuel φ sL [m/s] δth [mm] lF [mm] Da Kaδth Ka1
CH4 0.9 0.32 0.77 0.17 10.3 9.5 0.46
CH4 0.8 0.26 0.847 0.21 6.7 11.5 0.71
CH4 0.7 0.19 0.904 0.29 3.6 13.1 1.35
C2H4 0.8 0.414 0.331 0.14 8.2 3.0 0.54
C2H4 0.7 0.311 0.762 0.18 4.7 16.1 0.9
Comparisons of mean normalised axial velocities are shown for methane and propane at 4.0 m/s
and ethylene at 8.0 m/s for a range of stoichiometries in the left column of Fig. 6.4. An
acceleration in the axial direction across the flame front, due to a reduction in density, can be
seen for all fuel types. The velocity increase was less noticeable with a reduction in fuel due
to a lower heat release across the reaction zone. In order to represent the average location of
the flame front, the mean progress variable has been plotted on the right column of Fig. 6.4. It
can be seen that the flames move closer together when approaching their lean extinction limits.
Leaner fuel/air mixtures, e.g. methane or propane at φ = 0.8 or ethylene at φ = 0.7 show a
reduction of the mean progress variable at the nominal stagnation point, and hence reactants
can also be found along the stagnation plane. This suggests that towards the extinction limits
the twin flames move closer together and move across the nominal stagnation point, which is in
good agreement with laser tomography measurements obtained by Kostiuk et al. [72]. Figure 6.5
presents comparisons of two fuel types, methane and propane, at equal bulk velocity. Propane
flames appear more wrinkled and curved towards their reactant streams, methane flames are
flatter, thinner and the flame brushes are closer together, which was also found by Yoshida
et al. [137] and Luff et al. [82]. A possible reason for the increased distance, which was also
found by Sato [117] and Ishizuka and Law [55], could be the higher laminar burning velocity
of propane and the difference in Lewis number of these fuels. Propane has a Lewis number of
1.3, whereas methane has a Lewis number of approximately 1.0. As for a Lewis number greater
than unity and a flame brush that is curved concave towards its reactant stream, a propane
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flame will tend to accelerate towards its reactant stream due to its thermal influence on the
reactant mixture.
Comparisons of the normalised axial and radial Reynolds stress components are shown for
methane, propane and ethylene at different stoichiometries in Figs. 6.6, 6.7 and 6.9. A com-
parison of all three fuel types at a stoichiometry of 0.8 shows that the normalised axial stress
component increases to a maximum of 0.075U2b at the stagnation point, which is independent
of the fuel and bulk velocity. All axial stresses increase before the flame front and as the flow
accelerates in the axial direction, the turbulent intensities reduce, before increasing again to
reach their maximum at the stagnation point. In the radial direction, all Reynolds stress com-
ponents stay constant up to a distance of 0.18D as they increase to a maximum value of 0.1U2b
for a methane flame at φ = 0.9. A comparison of the radial stresses for methane and propane
at φ = 0.8 shows a reduction by 0.025U2b at the stagnation point for the latter fuel, which
suggests that the redistribution of the Reynolds stresses along the axis is greater for methane
than propane at equal values of the axial normal stresses as shown in Fig. 6.8. Isothermal
values of the normalised Reynolds stress components at the nominal stagnation point were
of the order of 0.05U2b in the axial and 0.025U
2
b in the radial direction compared with 0.05
– 0.075U2b in the axial and 0.075 – 0.1U
2
b in the radial direction for equivalence ratios from
0.7 to 0.9, respectively. This shows that for lean conditions axial stresses are comparable to
the isothermal flow, whereas radial stresses increase between three and four times due to the
presence of a flame at stoichiometries from 0.7 to 0.9.
The mean radial velocity accelerates along the stagnation plane from zero at the stagnation
point to approximately 1.9Ub at a radius of 0.55D for both methane and propane flames at
a stoichiometry of 0.9 and for Ub = 4.0 m/s as shown in Figs. 6.10 and 6.11, respectively.
A reduction in fuel leads to a velocity decrease of approximately 0.15Ub, which also agrees
with the radial velocities for two lean ethylene flames at a bulk velocity of 8.0 m/s as shown
in Fig. 6.12. A comparison of these three radial velocity profiles with the isothermal data
presented in Fig. 5.20, see the previous chapter, shows that the velocity increased by a factor of
two due to volume expansion caused by the heat release of the twin flames. The axial Reynolds
stress component for the methane flames showed a steeper gradient towards the nozzle rim
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when compared with the results for propane and ethylene, whereas the radial component had
the same order of magnitude. All axial Reynolds stresses showed a good degree of symmetry
with respect to the stagnation point whereas radial profiles showed a slight asymmetry, which is
due to non–parallel nozzle exits by up to 2 degrees which was improved to less than 0.5 degrees
for the velocity measurements in Section 6.3. A further reason for the asymmetry shown in
Figs. 6.10, 6.11 and 6.12 is due to the shear layer between the flow and the ambient air, which
could be partly suppressed by the use of a co–flow. Ideally the co–flowing stream of air needed
to be increased above the a value of 30% of the corresponding bulk velocity, which would
increase the symmetry of the radial Reynolds stress component. This could not be achieved
with the current set–up as an increase in co–flow velocity would penetrate the flame front and
lead to locally extinction to due a local increase in strain.
Radial stress components along the stagnation plane around 0.02U2b along the stagnation plane
for the isothermal flow presented in Section 5.2, whereas an increase of the radial stress by
a factor of three was apparent towards the nozzle rim for the reacting case. This could be
due to the fact that the twin flames, which are concave towards their reactant stream, have a
slight bulk movement in the axial direction of the burner. Mean radial strain rates along the
stagnation plane were calculated using Eq. 4.1 and shown for methane, propane and ethylene
in Figs. 6.10 – 6.12. The radial strain rates increased to a maximum value of 1000 s−1 for both
propane and methane at a bulk velocity of 4.0 m/s and up to 1800 s−1 for the ethylene flame
at a bulk velocity of 8.0 m/s, which is in good agreement with measurements at comparable
conditions obtained by Luff [85]. The overall trend of the radial strain rate showed an increase in
the radial direction up to a distance of 0.25D. A reduction in the strain rate was found at lower
equivalence ratios for all three fuel types due to the lower heat release and a reduction in the
velocity gradient along the stagnation plane. Lower strain rates also allowed the stabilisation
of leaner flames in the opposed flow.
The first two moments of the reaction progress variable, derived from PIV–measurements can
be found in Fig. 6.13 for methane and propane at a bulk velocity of 4.0 m/s and in Fig. 6.14
for ethylene at 8.0 m/s. A comparison of the methane and the propane data shows that under
equal bulk strain rate the methane twin flames were closer together and also showed a higher
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probability of finding reactants at the nominal stagnation point. It should also be noted that
the propane flames extinguished at an equivalence ratio of 0.75 whereas methane was stable
even below 0.7. At equal stoichiometries propane has a higher laminar burning velocity and
a higher adiabatic flame temperature than methane. The higher Lewis number, as discussed
earlier in this chapter, could be the reason for the earlier extinction of the propane flames.
Ethylene flames withstood bulk velocities of 8.0 m/s and even higher. The mean progress
variable and its variance show similar trends to the two previous fuels under much larger total
strain due to the higher reactivity of the fuel.
6.3 Liquid fuels
The following section includes results of the reactive opposed flow for three liquid fuels: JP-10,
cyclopentene and cyclopentane, the latter two are break–down products of the JP-10, and all
fuels were vaporised and introduced to the lower nozzle of the opposed jets. The upper flame
was maintained as a methane flame of equal stoichiometry and bulk velocity to the lower flame.
Velocity statistics and strain rates were measured in this geometry and scalar measurements
were obtained for a single flame brush which was stabilised against a stream of air at the same
bulk velocity.
The images in Fig. 6.15 show the single flame brush for three different stoichiometries for JP-10
at a bulk velocity of 4.4 m/s taken with a Canon Powershot SX100-IS using an aperture of
5.6 and an exposure time of 1/500 s. A reduction in flame size and chemiluminescence was
apparent as the stoichiometry was reduced towards the extinction limit. Global extinction
occurred very close to a stoichiometry of 0.7.
Mean axial velocities and the mean progress variable along the burner axis are shown for two
stoichiometries of cyclopentane, cyclopentene and JP-10 in Fig. 6.16. The flow accelerates up to
0.15Ub at a stoichiometry of 0.9 for all three fuels, whereas the axial velocity for stoichiometries
closer to the lean extinction limits rather flattens before it further decreases to zero towards
the nominal stagnation point. The acceleration was greater for cyclopentene flames which
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suggests a higher heat release across the flame front. This is shown for two stoichiometries in
Fig. 6.17 and in agreement with findings by Davis and Law [31], who measured an adiabatic
peak temperature of 2490 K for cyclopentene and 2440 K for cyclopentane. The mean profiles
of the reaction progress variable of JP-10 and cyclopentene show a much steeper gradient
compared to cyclopentane. The average flame front for both fuels is also located further
upstream which suggests similar burning velocities for JP-10 and cyclopentene. Peak laminar
burning velocities for cyclopentane were found to be 0.45 m/s by Gibbs and Calcote [42] and
more recently 0.38 m/s by Davis and Law [31] at an ambient temperature of 300 K and a
pressure of 101 kPa. A laminar burning velocity of 0.38 m/s for cyclopentene was calculated
by Rizos [112]. Whereas, Farrel et al. [36] measured at a temperature of 450 K and a pressure
of 304 kPa to obtain peak laminar burning velocities of 0.71 m/s and 0.76 m/s for cyclopentane
and cyclopentene. The uncertainties in C5H6 to C5H10 burning velocity data has been discussed
by Lindstedt and Rizos [76].
Axial and radial Reynolds stress components are shown for cyclopentane, cyclopentene and JP-
10 in Figs. 6.18, 6.19 and 6.20. Stabilising all liquid fuel flame brushes against a methane flame
of equal velocity and stoichiometry show that fluctuations across the methane flame increased
up to 0.075U2b for cyclopentane whereas a value of 0.035U
2
b was measured for cyclopentene and
JP-10. The different reactivities of the liquid fuels is also noticeable in the axial Reynolds stress
component along the axis shown in the left columns of Figs. 6.18, 6.19 and 6.20. Twin methane
flames (Fig. 6.6) show an increase of the axial Reynolds stress component up to 0.055U2b for
an equivalence ratio of 0.9. Whereas, axial Reynolds stress components of methane increased
up to 0.075U2b against a cyclopentane, 0.035U
2
b against a cyclopentene and a JP-10 flame. The
differences in the Reynolds stress components could be due the different reactivities of the liquid
fuels, suggesting that cyclopentene and JP-10 have an almost comparable heat release across the
flame front, whereas cyclopentane shows a lower heat release. The maxima of the axial stress
component at the stagnation point and the radial stress profiles are of comparable magnitude
for all considered fuels. Figures 6.21, 6.22 and 6.23 present the mean radial velocity profiles
and normal stress components along the stagnation plane for cyclopentane, cyclopentene and
JP-10. Mean radial velocities and stress components decreased with a reduction in fuel.
84
Mean radial strain rates along the stagnation plane were found to decrease with a reduction
in equivalence ratio due to a lower heat release and a reduced radial velocity gradient along
the stagnation plane. Radial strain rates increased from a value of 800 s−1 at the nominal
stagnation point to 1000 s−1 at a radial distance of 0.3D for cyclopentene and JP-10 at φ =
0.9, whereas cyclopentane showed an almost constant value of approximately 950 s−1 for φ =
0.9. The measured radial strain for the liquid fuels showed similar characteristics to propane
and methane, where peak strain rates for each stoichiometry could be found at a radial distance
of 0.3D from the stagnation point.
A comparison of the mean reaction progress variables and their variances is shown in Fig. 6.24
for three lean equivalence ratios against a stream of air using equal bulk velocities for both
nozzles. The average flame location of cyclopentane is 0.1D further downstream than for JP-10
and cyclopentene, considered with a lower burning velocity. It should also be noted that global
extinction occurred earlier for cyclopentane, close to an equivalence ratio of 0.7, keeping the
overall strain constant. JP-10 shows the steepest gradient along the centreline which could
suggest either less axial flame movement or higher reactivity, whereas the flattest gradient was
found using cyclopentane.
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Figure 6.1: Normalised instantaneous temperatures at the symmetry plane between the
nozzles. Upper half: Lean propane flame φ = 0.7. Lower half: Lean methane flame
φ = 0.8.
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Figure 6.2: Mean and variance of the progress variable. (a) Methane φ = 0.8 at Ub =
3.0 m/s and (b) propane φ = 0.7 at Ub = 3.9 m/s. Solid line represents computations
[78], 4 thermocouple and ◦ PIV–measurements [85].
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Figure 6.3: Mean and variance of the progress variable along the stagnation point stream-
line. Methane φ = 0.7 at Ub = 3.0 m/s, solid line represents computation [78], 4 ther-
mocouple and ◦ PIV–measurements [85].
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Figure 6.4: Left column: Mean axial velocities along the axis. Right column: Mean
progress variable at a bulk velocity of 4.0 m/s for methane (top), propane (middle) and
ethylene (lower) at 8.0 m/s and at equivalence ratios of ◦ – 0.9, 4 – 0.8 and  – 0.7.
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Figure 6.5: Comparison of the mean axial velocity and the mean progess variable for
methane (×) and propane (◦) at 4.0 m/s bulk velocity. At φ = 0.9 (upper) and φ = 0.8
(lower).
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Figure 6.6: Normalised axial (left) and radial (right) Reynolds stress components along
the burner axis for methane flames at a bulk veolocity of 4.0 m/s. Upper: φ = 0.9,
middle: φ = 0.8 and lower: φ = 0.7.
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Figure 6.7: Normalised axial (left) and radial (right) Reynolds stress components along
the burner axis for propane flames at a bulk velocity of 4.0 m/s. Upper: φ = 0.9 and
lower: φ = 0.8.
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Figure 6.8: Comparison of the normalised axial (left) and radial (right) Reynolds stress
components along the burner axis for propane flames at a bulk velocity of 4.0 m/s.
Upper: φ = 0.9 and lower: φ = 0.8. ◦ – methane and 4 – propane as fuel.
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Figure 6.9: Normalised axial (left) and radial (right) Reynolds stress components along
the burner axis for ethylene flames at a bulk velocity of 8.0 m/s. Upper: φ = 0.8 and
lower: φ = 0.7.
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Figure 6.10: Upper row: Mean radial velocity (left) and radial strain rate (right) along
the stagnation plane. Lower row: Normalised axial (left) and radial (right) Reynolds
stress component. For methane flames at a stoichiometry of ◦ – 0.9, 4 – 0.8 and  – 0.7
at 4.0 m/s bulk velocity.
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Figure 6.11: Upper row: Mean radial velocity (left) and radial strain rate (right) along
the stagnation plane. Lower row: Normalised axial (left) and radial (right) Reynolds
stress component. For propane flames at a stoichiometry of ◦ – 0.9 and 4 – 0.8 at
4.0 m/s bulk velocity.
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Figure 6.12: Upper row: Mean radial velocity (left) and radial strain rate (right) along
the stagnation plane. Lower row: Normalised axial (left) and radial (right) Reynolds
stress component. For ethylene flames at a stoichiometry of 4 = 0.8 and  = 0.7 at
8.0 m/s bulk velocity.
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Figure 6.13: Comparison of the mean progress variable and its variance for methane (×)
and propane (4) at 4.0 m/s bulk velocity. At φ = 0.9 (upper), φ = 0.8 (middle) and φ
= 0.7 for methane and φ = 0.75 for propane(lower).
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Figure 6.14: Mean progress variable and its variance for ethylene at 8.0 m/s bulk velocity
for φ = 0.9 (upper), φ = 0.8 (middle) and φ = 0.7 (lower).
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Figure 6.15: JP-10 at a bulk velocity of 4.4 m/s for φ = 0.9 (top), φ = 0.8 (middle) and
φ = 0.7 (lower) using a Canon Powershot SX100-IS, ISO 400, an aperture of 5.6 and an
exposure time of 1/500 s.
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Figure 6.16: Mean axial velocities along the centreline are presented in the left column.
The right column shows the mean progress variables along the axis at a bulk velocity
of 4.0 m/s for cyclopentane (upper), cyclopentene (middle) and at 4.4 m/s for JP-10
(lower) for equivalence ratios of ◦ – 0.9 and  – 0.7. Cyclopentane was measured at a
stoichiometry of 0.75.
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Figure 6.17: Comparison of the mean axial velocity and the mean progess variable for
JP-10 (◦) at 4.4 m/s, cyclopentene (4) and cyclopentane () at 4.0 m/s bulk velocity.
At φ = 0.9 (upper) and φ = 0.7 (lower). Cyclopentane was measured at φ = 0.75.
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Figure 6.18: Normalised axial (left) and radial (right) Reynolds stress components along
the burner axis for cyclopentane flames at a bulk velocity of 4.0 m/s. Upper: φ = 0.9,
middle: φ = 0.8 and lower: φ = 0.75. A methane flame of equivalent stoichiometry was
used as the second flame brush shown in the right half of each graph.
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Figure 6.19: Normalised axial (left) and radial (right) Reynolds stress components along
the burner axis for cyclopentene flames at a bulk velocity of 4.0 m/s. Upper: φ = 0.9,
middle: φ = 0.8 and lower: φ = 0.7. A methane flame of equivalent stoichiometry was
used as the second flame brush shown in the right half of each graph.
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Figure 6.20: Normalised axial (left) and radial (right) Reynolds stress components along
the burner axis for JP-10 flames at a bulk velocity of 4.4 m/s. Upper: φ = 0.9, middle:
φ = 0.8 and lower: φ = 0.7. A methane flame of equivalent stoichiometry was used as
the second flame brush shown in the right half of each graph.
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Figure 6.21: Upper row: Mean radial velocity (left) and radial strain rate (right) along
the stagnation plane. Lower row: Normalised axial (left) and radial (right) Reynolds
stress component. Cyclopentane flames at a stoichiometry of ◦ – 0.9, 4 – 0.8 and  –
0.75 for 4.0 m/s bulk velocity.
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Figure 6.22: Upper row: Mean radial velocity (left) and radial strain rate (right) along
the stagnation plane. Lower row: Normalised axial (left) and radial (right) Reynolds
stress component. Cyclopentene flames at a stoichiometry of ◦ – 0.9, 4 – 0.8 and  –
0.7 for 4.0 m/s bulk velocity.
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Figure 6.23: Upper row: Mean radial velocity (left) and radial strain rate (right) along
the stagnation plane. Lower row: Normalised axial (left) and radial (right) Reynolds
stress component. JP-10 flames at a stoichiometry of ◦ – 0.9, 4 – 0.8 and  – 0.7 for
4.4 m/s bulk velocity.
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Figure 6.24: Comparison of the mean progress variable and its variance for cyclopentane
(), cyclopentene (4) at 4.0 m/s and JP-10 (◦) at 4.4 m/s bulk velocity. φ = 0.9 (upper),
φ = 0.8 (middle) and φ = 0.7 and φ = 0.75 for cyclopentane (lower).
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Chapter 7
Conclusions for the opposed flows
Comparisons have been made between the isothermal flow field of an opposed jet geometry and
measurements presented by Kostiuk [70], Luff [85] and Mastorakos [86]. The axial and radial
velocity data along the burner centreline and the stagnation plane was found to be in excellent
agreement with the data obtained by Luff [85]. However, the current data showed a reduction
in the asymmetry of the axial and radial normal stress components due to better alignment of
the nozzles.
A sudden increase in the normal stress components, also shown by Lindstedt et al. [77], was
found in the vicinity of the stagnation point. To relate this increase to the jets produced by the
perforated plates, the steel nozzle was exchanged with a glass nozzle and velocity measurements
of the flow inside the nozzles were taken for bulk velocities up to 8.0 m/s. Velocity data along
the centreline of the central jet showed that the peak of the axial and radial Reynolds stress
components was lower and shifted towards the plates for higher bulk velocities. It was also
found that the mean jet velocity was lower for higher bulk velocities which suggest that the jets
of the perforated plates break up earlier. The earlier break up might lead to a more developed
turbulent flow than for a lower bulk velocity. Furthermore, the eddy turn–over time at a bulk
velocity of 4.0 m/s is found to be of the order of 9.3 ms compared to the residence time, here
defined as the inverse of the bulk strain rate, of approximately 3.8 ms. The residence time of the
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flow at the stagnation point is too short to transfer a significant part of the kinetic energy from
the larger eddies to the smaller scales, hence a fully developed turbulent flow is not obtained.
This finding is supported by Bo¨hm [9]. In contrast, at a bulk velocity range of 5.0 m/s to
8.0 m/s the residence time of 3.0 ms and 1.9 ms, respectively, and the eddy turn–over time are
of comparable magnitude, leading to the conclusion that the sudden increase in the turbulence
intensities in the vicinity of the stagnation plane is due to a fully developed turbulent flow.
Axial and radial Reynolds stress components along the axis in fractal–generated turbulence did
not show the same sudden increase in the considered bulk velocity range. This could be due to
the higher turbulent intensities of the whole flow field between the nozzles. Assuming the same
integral length scale as for the previous flow conditions suggests that the eddy turn–over time
of 3.6 ms for the lowest measured bulk velocity of 4.0 m/s is already of comparable magnitude
to the corresponding residence time. Time–resolved velocity measurements inside the nozzle
might reveal more details about the break–up of the single jets and their interaction with each
other.
The low turbulence intensities produced by the perforated grids for Reynolds numbers below
10,000 was always problematic for most modelling approaches. Lindstedt et al. [77] stated that
the agreement of the Reynolds stress components of their calculations with PIV–measurements
was excellent for Reynolds numbers above 10,000. However, strain rates at these Reynolds
numbers caused early extinction for most fuel types. The addition of fractal grids in series with
the perforated plates increased the turbulent Reynolds number by 100% to a range of 95 to
220 while keeping the overall strain rates below a critical value and therefore avoiding to early
extinction for lean fuel/air mixtures.
Turbulent premixed flames were measured using particle image velocimetry and presented in
terms of their velocity components, the reaction progress variable and radial strain rates with
a focus on the burner axis and the stagnation plane. An increase in the axial velocity across
the flame front was noticeable for all considered fuel types. Lean extinction for methane and
propane flames occurred at φ = 0.68 and φ = 0.73 at a bulk velocity of 4.0 m/s, whereas ethylene
flames extinguished at a stoichiometry of 0.62 at 8.0 m/s, which are in good agreement with
the extinction data obtained by Luff et al. [82]. Differences in the velocity statistics and the
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reaction progress variable for the different fuels can be attributed to changes in the laminar
burning velocity, the adiabatic flame temperature, the reactivity and the Lewis number. A
comparison under equal strain showed that the propane twin flames were further apart than
the corresponding methane/air flames, which could be due to a higher laminar burning velocity
of the former. However, propane flames also appeared more wrinkled than methane flames.
With a Lewis number of 1.3 for propane, heat conduction in the direction of the reactant stream
is greater than the mass diffusion which could be the reason for global extinction occurring at a
higher stoichiometry compared to methane which has a Lewis number of unity. Similar results
were found for cyclopentane which was located 0.1D closer to the stagnation point as compared
to cyclopentene and JP-10. The acceleration across the flame front was lowest for JP-10 and
highest for cyclopentene, which suggests a higher heat release for cyclopentene. JP-10 and
cyclopentene extinguished under similar total strain at an equivalence ratio below 0.7 whereas
global extinction for cyclopentane occurred at φ = 0.72.
Dilatation due to the heat release across the flame front induces a positive velocity gradient
which leads to an acceleration of the flow. Thus the negative pressure gradient results in a drop
of the axial Reynolds stress component along the axis, which was found for all measured fuel
types. Leaner flames showed less acceleration across the flame front due to lower heat release.
The same trends were found for the mean radial velocity and the normal stress components
along the stagnation plane.
Radial strain rates along the stagnation plane reached their maximum value at a radial distance
of 0.3D for all fuel types. The radial strain rates measured in the reacting flow also show an
increase of 100% compared to isothermal measurements, which is directly related to the higher
radial velocity gradients caused by the heat release of the flame along the stagnation plane.
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Chapter 8
Sudden expansion flows
This chapter presents work on stratified flow combustion in a round sudden expansion duct. It
is divided into four sections, starting with an introduction which gives an overview of related
research and considers the relevance of the current work in relation to industrial applications
(Section 8.1); the experimental set–up and diagnostics (Section 8.2); the results (Section 8.3)
and the findings are summarised in Section 8.4.
8.1 Introduction
Round sudden-expansion flows have been used in many industrial applications such as lean-
burn gas turbine combustors (e.g. Milosavljevic et al. [93], Norster and De Pietro [97] and
Moore [94]) and past research focused mainly on the characterisation and control of naturally
occurring combustion oscillations and on the potential reduction of pollutants. Detailed re-
views of related work on combustion instabilities and their control have been presented by
McManus et al. [91] and Candel et al. [23]. Pressure oscillations have typically been char-
acterised in terms of amplitude and frequencies and control was achieved by modulating the
fuel flow rate in response to the measured pressure signal (e.g. Dowling and Hubbard [32]
and Riley et al. [111]). De Zilwa et al. [139, 141] and Emiris and Whitelaw [35] examined
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oscillations of premixed methane/air flames close to the lean flammability limit. It was shown
that extinction in turbulent flames, unlike in laminar flames, was not an event, but a process
comprising extinction/relight sequences during which the flame progressively attenuates until
global extinction. A similar behaviour was observed by Bradley et al. [13], who described that
the tip of the flame moved further downstream and the reaction zone became narrower, which
finally resulted in a blow–off of the flame. To explore extinction and relight in greater detail
an opposed jet geometry was used by Sardi et al. [115] and Luff et al. [82]. It was shown that
oscillations close to the global extinction limit were characterised by low broadband frequencies
of the order of 10 Hz which were attributed to extinction and relight cycles. The amplitude and
frequency of the oscillations increased with the flow rate. Close to stoichiometric conditions,
however, the low frequency did not dominate the oscillations, but modulated the longitudinal
acoustics of the duct. The low frequencies affected the local strain rates sufficiently to cause
local extinction resulting in a downstream movement of the flame brush, followed by relight as
the strain rate reduced. Emiris and Whitelaw [35] further established that the amplitudes of
the extinction and relight cycles preceding global extinction were significantly larger for con-
stricted ducts. Korusoy and Whitelaw [65] examined the influence of duct wall temperature on
the amplitudes of the pressure oscillations and on the lean flammability limit. It was shown
that with increasing wall temperatures, the lean extinction limit decreased and the amplitudes
of the extinction and relight cycles reduced. De Zilwa et al. [140] found that acoustic forcing
at a frequency unrelated to the dominant mode, typically a harmonic or a sub-harmonic of a
natural duct frequency, could reduce the amplitude of the pressure oscillations.
Emiris and Whitelaw [35] examined the impact of the injection of small quantities of fuel
adjacent to the shear layer. It was found that radial fuel injection upstream of the step reduced
the amplitude of the lower frequencies related to extinction and relight, thus allowing more
stable operation close to the lean flammability limit. The lean limits were reduced by about
5% in a duct with an exit nozzle. The difficulty was to determine the fuel quantity a priori, as
the addition of excessive fuel carried the risk of large pressure oscillations. De Zilwa et al. [140]
used a pulsed fuel rich second stream to reduce pressure oscillations and found it most effective
when the fuel was introduced close to the centre of the sudden expansion plane. However, it
was also found that the optimum point of injection changed for certain operating conditions
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and it was concluded that it would be desirable to alter the trajectory of the mixture in real
time. De Zilwa et al. [139] showed that low swirl intensities could decrease the lean extinction
limit for uniform flows, while larger intensities were not of any benefit due to an increase of
local strain close to the step, making the flame more prone to local extinction.
In practical gas turbine combustors the fuel/air mixtures are normally of non–uniform com-
position and the implications of partial premixing and stratified flow conditions are important
for the control of combustion oscillations. Shih et al. [119] investigated the effect of partial
premixing in a gas turbine combustor with a co–axial arrangement supplying the fuel, which
was partially premixed with an annular flow of air before entering the combustion chamber.
They found that partially premixed flow conditions led to a broader range of equivalence ra-
tios at which large amplitude oscillations occurred, which also raised the lean extinction limit.
However, Luff et al. [84] showed for a stratified flow in a co–axial sudden expansion, also used
for the current research, that the lean flammability limit was strongly dependent on the equiv-
alence ratio of the annular flow and a transition to rough combustion, here associated with
pressure amplitudes above 2 kPa, relied on the overall equivalence ratio of the flow [85].
The current work extends previous studies through the examination of stratified flows in an axi–
symmetric sudden expansion duct. A co-axial flow arrangement upstream of the step allowed
for the examination of the effect of stratification on pressure oscillations. The configuration is
relevant for premixed lean-burn gas turbine combustors, which typically feature a non–uniform
fuel–air distribution. Methane was used as a fuel and a wide range of equivalence ratios for
the annular and core flows were investigated. The initial focus was on lean mixtures in the
annulus and richer mixtures for the core flow, due to its importance in industrial applications
and secondly on flame stability using the opposite conditions. Also examined were the impact
of swirl on the amplitude and frequency of oscillations, the lean flammability limits and NOx
emissions.
The main parameters varied in this study are the total flow rate through the combustor, equiva-
lence ratios in the annular and core flow and swirl intensity. The majority of the measurements
were performed with equal core and annular bulk velocities in order to avoid the complexity of
different specific momenta in the two flows.
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This chapter will also include a detailed description of the axi–symmetric sudden expansion
duct and the experimental equipment used to obtain the data. The results are presented in–
depth in Section 8.3 with the focus mainly on the stabilisation of lean premixed methane flames
using stratified flow conditions for a Reynolds number range between 57,000 and 67,000.
8.2 Experimental apparatus and diagnostics
The axi-symmetric duct arrangement is shown in Fig. 8.1 and consists of an upstream section of
internal diameter 50.8 mm with a sudden expansion to 80 mm internal diameter. The upstream
and downstream sections were of equal length to ensure complete flame confinement and that
the longitudal 3/4 - wave of the duct had an antinode close to the step.
Two different lengths of core pipe were used to investigate the effects of stratification on acoustic
and low frequency oscillations. Each pipe was located coaxially in the upstream section of the
duct as shown in the top half of Fig. 8.1. The first arrangement consisted of a core pipe with
an inner diameter of 34 mm and a length of 1030 mm, which allowed the investigation of
stratification of the whole upstream section of the duct. The second arrangement had 810 mm
long core pipes of either 24 mm or 34 mm inner diameter. The core pipes had a 1 mm wall
thickness and all outlets were manufactured as thin as possible to minimise wake effects and
to avoid flame attachment. If not stated differently, the results shown are for the 810 mm core
pipe.
Air and fuel were supplied by float–type flow meters (Rotameter-KDG Instruments). The flow
meters were subject to an uncertainty of up to 2.5% of the full scale deflection as specified
by the manufacturer and the readings were corrected for density variation by monitoring the
temperature and the pressure of each flow stream at the flow meter exit to a precision of
around 0.5%. Natural gas (94% methane) was supplied via a compressor at a gauge pressure
of 1.0 bar. The fuel and air for the core stream was premixed in a swirl register, with the
swirl subsequently removed by a honeycomb flow straightener. The annular flow was mixed by
impingement of closely spaced radial fuel and air jets and wire mesh screens were located just
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downstream to remove large scale fluctuations and render the flow distribution uniform.
Pressure oscillations were measured using a water–cooled piezoelectric pressure transducer
(Kistler 6121 with a charge amplifier 5007) mounted flush to the inner wall of the upstream
duct and located 70 mm upstream of the step. The signal was transmitted via an interface
(National Instruments DAQ BNC-2090 and PCI MIO 16E4 A/D card) to a computer for
acquisition (LabView software). Eight seconds of pressure signal data were acquired at a
4096 Hz sampling frequency for each condition. Custom software written in FORTRAN was
used for the post-processing of the signals providing a resolution of 10 Pa.
Swirl was introduced in either the core or the annular flow. The swirlers were mounted flush
with the exit plane of the 810 mm core pipe as shown in the lower half of Fig. 8.1. To provide
comparisons of the effects of swirl using a 1030 mm core pipe, annular swirlers were mounted
220 mm upstream of its exit plane. The vane swirlers used in the core pipe comprised three
blades, while those for the annular flow had twelve blades. The length of each swirler ensured
a blade twist of at least 360/n degrees, where n is the number of blades. The nominal swirl
numbers were calculated using Eqs. 8.1 for core and 8.2 for annular swirl [120], where α is the
vane angle and k the ratio of inner to outer radius.
Score =
[2(1− k3)tanα]
3
(8.1)
Sannulus =
[2(1− k3)tanα]
3(1− k2) (8.2)
The unevenness in the distribution of the swirled flow, caused by boundary layers on the blade
walls, was expected to decrease to levels comparable to that due to the boundary layer of the
core pipe by the sudden expansion plane.
Measurements of NOx were taken across the exit plane of the duct using a wet–basis chemilu-
minescence device (Thermo Enviromental Instruments, 42H). The probe was traversed along
the pipe radius and a spatial average was calculated. The external wall temperature, mea-
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sured 150 mm downstream of the sudden expansion plane, was obtained using a butt–welded
platinum/platinum-rhodium (87%/13%) thermocouple of 100 µm diameter.
The temperature dependence of the pressure oscillations and of the lean extinction limits con-
firmed the findings of Korusoy and Whitelaw [65]. Accordingly, the impact of the wall temper-
ature diminished with temperatures over 800 K and all pressure and extinction measurements
were recorded with an external wall temperature ≥ 850 K. Pressure fluctuations produced in
the absence of a core pipe were compared to results obtained using the flow arrangement with
an 810 mm long core pipe of diameter 34 mm with equal core and annular equivalence ratios
carefully maintained. The recorded pressure signals suggest that the presence of a core pipe
increased the amplitude and the modulation of the signal by less than 10% which is in good
agreement with Luff et al. [83].
8.3 Results
Results are initially presented for stratified flow conditions close to and away from extinction,
and include the effects of swirl on the lean flammability limit, the amplitudes of pressure
oscillations and the level of NOx emissions. The data predominantly covers Reynolds numbers
between 57,000 and 67,000 for natural gas (94% Methane) as a fuel.
The influence of swirl in uniform sudden expansion flows was previously examined for non–
stratified flow conditions by De Zilwa et al. [139]. They stated that moderate levels of swirl
with a swirl number of the order of 0.1 at low flow rates could reduce the lean extinction limits
by small amounts due to an increase in residence time and flame stability. A decrease in length
of the recirculation zone and a shorter flame was also described.
The current work examines the influence of swirl in stratified flow conditions in terms of pressure
oscillations, lean flammability limits and wall temperatures. The swirl was introduced either
in the core flow or in the annulus as shown in Fig. 8.1. Swirl was expected to shorten the
recirculation zone of the flame and render the flame more stable, whereas excessive swirl could
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lead to an increase of the local strain rate in the shear layer causing extinction at higher overall
equivalence ratios.
8.3.1 Effects of stratification
The upstream section of the axi-symmetric sudden expansion duct was stratified using either
a 810 mm or 1030 mm long core pipe of 34 mm internal diameter. The duct was preheated
for about ten minutes to eliminate the effects of wall temperature on the pressure oscillations
as previously reported by Korusoy and Whitelaw [65]. The preheating was crucial to ensure
repeatability of the pressure and extinction measurements. For methane combustion oscillations
close to stoichiometric conditions occurred only for Reynolds numbers larger than 42,000, as
previously reported by Luff et al. [83], and were dominated by the 3/4 - wave frequency around
190 Hz of the whole duct. The impact of different core (φc) and annular (φa) equivalence ratios
on the RMS of pressure fluctuations with methane as a fuel using a Reynolds number of 62,000
is shown in Fig. 8.2. Rough combustion (P ′ ≥ 2 kPa) was noticed for core equivalence ratios
above unity and overall equivalence ratios, based an the total rates of air and fuel, greater
than 0.85. Reducing the core equivalence ratio from unity by 0.2 and 0.4 showed that a rise
in the pressure RMS was shifted towards annular equivalence ratios greater than 0.9 and 1.0,
respectively. A large difference between annular and core equivalence ratio excited the 1/4 -
wave of the duct, as shown in the lower half of Fig. 8.2 for an annular equivalence ratio of 0.6
and core equivalence ratios greater than unity.
The impact of different levels of stratification on the overall flammability limits was examined
using different core pipe lengths, methane–air mixtures and a Reynolds number of 57,000 as
shown in Fig. 8.3. It was found that stratification of the whole upstream section could lower the
overall equivalence ratios at extinction for core equivalence ratios lower than 0.5. The finding
emphasizes that the amount of fuel and the location at which it is introduced to the reaction
zone is crucial for flame stability. Reduced stratification upstream obviously leads to increased
mixing of the core and annular flows, resulting in an increase of the lean flammability limits
by up to 25%. When pure air was introduced in the core flow extinction limits corresponding
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to overall equivalence ratios as low as 0.30 for methane could be achieved. This is much lower
than the values achieved with lean annular and rich core flows (e.g φc - 0.8 with φo - 0.65) or
for uniform flow conditions of an overall equivalence ratio as high as 0.85 [65].
Frequency spectra for the two core pipe lengths are shown for methane flames in Fig. 8.4.
The overall equivalence ratio was kept constant for each of the two pipe length at a Reynolds
number of 57,000. Increasing the core equivalence ratio led to an increase in amplitude of the
longitudinal 1/4 and 3/4 - waves for both core pipe lengths. Comparing a core equivalence ratio
of 0.61 for both pipe length shows higher amplitudes for the 3/4 - wave and gives also a rise to
lower frequencies even though the total amount of fuel was higher through the combustor for
the 810 mm pipe. This could lead to the assumption that the position of the fuel is introduced
to the flow is a crucial parameter for the rise of natural occuring oscillations. Measurements
with a core equivalence ratio greater than 0.8 using the 1030 mm pipe were not possible as the
pressure oscillations were too strong to stabilise a flame close to the step. However, combustion
was possible using the 810 mm core pipe with core equivalence ratios greater than 1.0 due to
mixing with the leaner annular flow.
8.3.2 Influence of swirl
The flammability and stability limits and their temperature dependence for three different
fuels were discussed by Korusoy and Whitelaw [65]. They showed that the wall temperature
equilibrium for a stoichiometric methane flame is approximately 800 K and that an increase in
wall temperature led to a decrease in the lean flammability limits by approximately 25% and a
reduction of the pressure amplitude by 75%, which occurred just before the flame extinguished,
both measured for stoichiometric methane flames at a Reynolds number of 39,500 and for
uniform flow conditions.
Pressure variations as a function of wall temperature and three core equivalence ratios for a
Reynolds number of 57,000 are shown in Fig. 8.5. A dependency of the pressure amplitude
on the wall temperature was clearly noticeable. The amplitude dropped with a rise in wall
temperature by approximately 20%, which shows comparable behaviour to observations at
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stoichiomentric conditions made by Korusoy and Whitelaw [65]. With the addition of moderate
swirl in the stratified flow the temperature influence on the pressure RMS was less noticeable.
The influence of the wall temperature on the lean flammability limits is presented for three
different core equivalence ratios in the upper half of Fig. 8.6. As the wall temperature increased
from 550 to 800 K extinction limits decreased by up to 10%. By adding moderate swirl to the
core flow the discrepancy between the extinction limits for cold and equilibrium conditions
reduced down to 4% as shown in the lower half of Fig. 8.6. For the measurements shown
throughout the chapter the duct wall was preheated to equilibrium temperature, so that the
impact on the pressure oscillations and flammability limits could be neglected.
The introduction of swirl tends to shorten the recirculation zone behind the step and render
the flame more stable. However, excessive swirl increases the local strain rate in the shear
layer, thus leading to extinction at a higher equivalence ratio. The lean overall flammability
limits for the stratified flow with and without swirl are compared in Fig. 8.7. The addition of
moderate swirl (Sw ' 0.3) to the flow in the core duct with φ ≥ 0.8 led to a lower extinction
limit, whereas a higher swirl intensity (Sw ' 0.55) resulted in an increase in the lean limit as
shown in the upper part of Fig. 8.7. The latter measurements were difficult to perform due
to difficulties in stabilising the flame at the step. Below a core equivalence ratio of 0.9 the
higher local strain rate caused the flame to detach from the step and to be stablised further
downstream. The addition of moderate swirl (Sw ' 0.15) to the annular flow was beneficial over
the whole range of measured conditions. The values of the above swirl numbers, normalised
by the ratio of swirled and total flow rate through the combustor, were approximately 0.08
and 0.15, respectively. The results are in good agreement with the swirl intensities of around
0.1 that were found to lead to a reduction in the lean limit for the uniform flow conditions of
De Zilwa et al. [139].
The different impacts on the lean flammability limit caused by the addition of swirl to the core
and the annular flows are clearly due to differences in the nature of the subsequent combustion
processes. The overall flammability limits for the leaner equivalence ratios using two different
core pipe lengths and swirled and unswirled conditions are shown in Fig. 8.8. There is good
agreement in the flammability limits of the swirled and unswirled flows for both core pipe
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lengths. The flame tended to detach earlier from the step and stablised further downstream in
case of the 1030 mm core pipe, which can be seen in the slightly higher extinction limits shown
in the upper half of Fig. 8.8.
Combustion close to the lean flammability limit with just air in the core flow and using the
1030 mm core pipe is shown in Fig. 8.9. Incomplete combustion can be seen in the left photo-
graph. However, the addition of swirl resulted in an improved combustion pattern, as shown
on the right hand side, for the same overall equivalence ratio. Thus complete (or nearly com-
plete) combustion could be achieved for methane at an overall equivalence ratio as low as 0.3
– compared to 0.6 for the uniform flow conditions measured by De Zilwa et al. [139].
The addition of swirl led to much shorter, more compact flames, which stabilised closer to
the step, resulting in increased local rates of heat release. Accordingly, swirl increased the
amplitude of acoustic oscillations associated with the 3/4 - wave frequency of the whole duct.
The effect of swirl on the frequency spectra of the stratified flow close to the flammability limit
is shown in Fig. 8.10 for methane–air flames at a Reynolds number of 57,000. The addition
of swirl reduced the amplitude of the broadband low frequency by up to 20 dB and increased
the low frequency by 3-4 Hz above that for the stratified flow without swirl. For cases (i)
close to global extinction and with swirl added to the core and for (ii) annular swirl with
core equivalence ratios less than 0.7, the spectra showed a 20 Hz frequency, which increased
with Reynolds number and swirl intensity in a similar way to the broadband frequency of
around 10 Hz. The 20 Hz frequency was, however, less dependent on the equivalence ratio
and did not increase as extinction was approached. The scaling of the ∼20 Hz frequency with
Reynolds number and its dependence on the swirl intensity suggest an association with the
recirculation zone of the flow. The RMS and peak–to–peak values of the pressure oscillations
for a core equivalence ratio of approximately 0.8 increased before global extinction, as shown
for methane in the upper graph of Fig. 8.11. Similar trends were observed for flows with a core
equivalence ratio of unity and for annular and core swirl. By contrast, moderate swirl led to
a reduction in the pressure RMS by at least 25% for annular swirl and around 15% for core
swirl with annular equivalence ratios up to 0.7, as also shown in Fig. 8.11. The reduction in
amplitudes with moderate swirl appeared to be due to the suppression of the extinction and
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relight cycles caused by improved flame stability. Larger equivalence ratios in the annular flow
led to higher pressure amplitudes than in the stratified flow without swirl.
The stratification of premixed flows leads to a non–uniform fuel distribution that can cause
an increase in the concentration of oxides of nitrogen due to higher temperature regions in
the reaction zone. A comparison with previous studies by De Zilwa et al. [138] measured at a
Reynolds number of 37,400 and uniform flow conditions shows resonable agreement with the
current NOx measurements (Fig. 8.12). The upper half of Fig. 8.13 presents NOx-emissions
for four different core equivalence ratios appraoching overall equivalence ratios as low as 0.3.
A decrease in the core equivalence ratio from 1.0 to 0.8 decreased the overall NOx-emmision
by up to a factor of three. However, it is important to note that stratification also permits
operation at lower overall equivalence ratios and hence temperatures, with the latter being
the predominant consideration. Poppe et al. [103] considered three different configurations and
showed that increased mixing due to imposed oscillations decreased NOx by up to 40%, whereas
fuel injection into the reaction increased NOx due to higher local fuel air ratios by up to 50%.
The addition of swirl was used to enhance the mixing of core and annular flows, so that the
fuel distribution became more uniform and hence the temperature profile more homogenous.
The influence of swirl on NOx emissions is illustrated for methane at a Reynolds number of
57,000 in the lower half of Fig. 8.13. Moderate core swirl could reduce the emissions by up to
50% compared with the stratified flow conditions without swirl.
8.4 Conclusions
Flames in stratified flows have been investigated in terms of stability, combustion oscillations,
wall temperature and NOx emissions in a round sudden expansion duct. The effects of swirl
and different levels of stratification on naturally occurring pressure oscillations and the lean
flammability limits have also been investigated for a broad range of conditions.
The dominant acoustic frequencies were characterised by a longitudinal 3/4 - wave. It was found
that increased core equivalence ratios gave rise to acoustic oscillations leading to a greater heat
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release close to the step and thermoacoustic feedback. By contrast, flames could be stabilised
with just air in the core duct leading to overall equivalence ratios as low as 0.30 for methane
while the whole upstream section of the duct was stratified. Accordingly, flame stabilisation
depends on the stability of the shear layer and the amount of fuel entering the recirculation zone
behind the step rather than on the potential core of the flow. With a higher core equivalence
ratio and a leaner annular flow, local extinction ocurred earlier and the flame travelled further
downstream before reignition and resulted in higher peak–to–peak pressure amplitudes.
The amplitudes of the pressure oscillations and the lean flammability limits were found to be
dependent on the wall temperature, as stated by Korusoy and Whitelaw [65] for uniform flow
conditions. With an increase in wall temperature the lean extinction limits and the amplitudes
of the pressure oscillations decreased. However, the addition of swirl reduced the influence of
wall temperatures.
The introduction of moderate swirl, with normalised intensities of the order of 10%, in either
the annulus or the core duct caused a shorter recirculation zone and also rendered the flame
more stable. However, unlike for uniform premixed flows there was no reduction in the lean
flammability limit. Excess swirl caused early extinction due to the increase in local strain rates
and resulted in large pressure oscillations even for conditions away from the extinction limits.
The stratification of the whole upstream section of the duct with air in the core flow had a
tendency to lead to incomplete combustion close to the flammability limit. However, moderate
annular swirl, which enhanced the mixing of the flow close to the step, was found to remove
the problem and made operation at ultra lean equivalence ratios and low levels of acoustic
oscillations possible.
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Figure 8.1: Upper: Schematic of the sudden expansion. Lower: Location of vane swirlers.
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Figure 8.2: The RMS of the pressure fluctuations for a constant equivalence ratio in the
core (top) and in the annular (bottom) flow with methane as a fuel at a Re = 62,000.
Solid line 1.0, dashed line 0.8 and dotted line 0.6 for the core and annular equivalence
ratios.
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Figure 8.3: Overall lean flammability limits using different core pipe lengths. Re =
57,000; • 1030 mm and 4 810 mm.
127
Figure 8.4: Frequency spectra for methane flames at Re = 57,000 using two core pipe
lengths. The overall equivalence ratio was kept constant for each core pipe. φO for
1030 mm - 0.71 and for 810 mm - 0.79.
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Figure 8.5: Impact of the duct wall temperature on the pressure oscillation, Re: 57,000,
34 mm core pipe, φannulus=0.65; 4 φcore=0.99,  φcore=0.89 and ◦ φcore=0.79. (a)
stratified flow without swirl and (b) with Sw=0.32 core swirl.
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Figure 8.6: Impact of the duct wall temperature on the lean flammability limit with
Re = 57,000 and 34 mm core pipe. 4 φcore=0.99,  φcore=0.89 and ◦ φcore=0.79. (a)
stratified flow without swirl and (b) Sw=0.32 core swirl.
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Figure 8.7: Effect of swirl on the lean overall flammability limits using the 34 mm core
pipe at Re = 57,000 for Methane. Upper: Core swirl Sw 4 = 0.32, × = 0.55. Lower:
Annular swirl Sw 4 = 0.14. Filled symbols: unswirled stratified flow.
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Figure 8.8: Lean flammability limits of the stratified flow. Upper half using a 1030 mm
core pipe and lower half a 810 mm. Re = 57,000, triangles indicate a swirl number of
0.32 and filled symbols no swirl. The annular swirler was located 220 mm upstream of
the step.
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Figure 8.9: Photographs of the lean flammability limits. Re = 57,000, 1030 mm core
pipe and air in the core pipe. Left: no swirl. Right: Sw=0.32 in the annular flow.
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Figure 8.10: Frequency spectra with and without moderate swirl for the 34 mm core
pipe at Re = 57,000. Methane flame at φcore = 0.78.
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Figure 8.11: Influence of swirl on pressure oscillations. Methane, Re=57,000, φcore=0.78;
(a) annular swirl: • Sw=0,4 Sw=0.14 and (b) swirl in the core pipe: • Sw=0,  Sw=0.32.
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Figure 8.12: Comparison of NOx emissions of the stratified flow (filled symbols) using a
810 mm core pipe at a Re = 57,000 and methane as a fuel ( φcore = 1.0, 4 φcore = 0.8)
and measurements for uniform flow conditions (◦) by De Zilwa et al. [138] at Re = 37,400.
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Figure 8.13: NOx emissions of the stratified flow using a 810 mm core pipe at a Re =
57,000 and methane as a fuel. Upper: 4 φcore = 1.0,  φcore = 0.8, ◦ φcore = 0.6 and 
φcore = 0.0. Lower: Influence of core swirl on the NOx emissions. 4 φcore = 1.0 and 
φcore = 0.8. Filled symbols: Swirl in the core pipe (Sw = 0.32).
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Chapter 9
Summary
The current research considered turbulent premixed flames in an opposed jet geometry and
a circular sudden expansion duct. Both combustors are ideal for studying turbulent reacting
flows, for example different fuel reactivities as presented in the current research for the op-
posed jet geometry, or for the sudden expansion duct presented by Luff [85]. Furthermore,
Korusoy and Whitelaw [67] related local extinction and relight forced by acoustic drivers in
the opposed flows with a strain–rate mechanism proposed by De Zilwa [139] for ducted self–
oscillating flames. In the current research, measurements in the opposed jets were obtained
using fine–wire thermocouples, hot wire anemometry and particle image velocimetry, whereas
acoustic oscillations were measured using a pressure transducer close to the step of the sudden
expansion and NOx concentrations were obtained at the duct exit plane by a NO/NO2/NOx
chemiluminescence analyser.
The axial and radial velocity data were in agreement with data obtained by Luff [85]. However,
better alignment of the nozzles in the current set–up resulted in a reduction of the asymmetry
of the normal stress components. In keeping with the results obtained by Lindstedt et al. [77],
a sudden increase in the axial Reynolds stress component was found in the vicinity of the
stagnation plane. For bulk velocities up to 4.0 m/s the eddy turn–over time was lower than
the residence time, which suggests the residence time is too short to transfer energy from the
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larger to the smaller scales, whereas at higher bulk velocities both time scales were of the
same order of magnitude, hence leading to a more developed turbulent flow. Fractal–generated
turbulence showed similar values for the residence time and the eddy turn–over time at lower
bulk velocities therefore a more developed turbulent flow could be achieved at lower bulk strain
rates with an increase of 100% in the turbulent Reynolds number.
Low turbulent intensities in opposed jet geometries are problematic for most numerical simu-
lations as the assumption of a fully developed flow, and hence high Reynolds numbers, needs
to be satisfied. Normal stress components of an opposed flow at Reynolds numbers greater
than 10,000 showed a better agreement with calculations presented by Lindstedt et al. [77].
Such Reynolds numbers corresponded to bulk velocities higher than 6.0 m/s and axial fluctu-
ations of the order of unity at the stagnation plane, resulting in overall strain rates too high
for the stabilisation of lean premixed flames of less reactive fuels such as methane or propane.
The addition of fractal grids increased turbulent intensities, while keeping the overall strain of
the flow below a critical value which permitted the stabilisation of lean premixed twin flames
back-to-back in the vicinity of the stagnation plane.
Investigations with increased spatial resolution in the opposed jet geometry should be consid-
ered for future velocity measurements with a focus along the burner axis and the stagnation
plane. Current measurements resolve the turbulent flow field up to 0.6 mm resulting in an un-
certainty of up to 15% of the fluctuations [51]. Whereas, the Kolmogorov length of the opposed
flow was approximately 0.25 mm. Hence, to resolve the turbulent flow fully, a combination of
PIV for the 2D–velocity field and LDA–measurements, which permit a spatial resolution of
0.15 mm, for velocity statistics along the centreline and the stagnation plane could be used.
Extending turbulent reactive flow measurements obtained by Lindstedt et al. [78] using higher
hydrocarbons such as JP-10, cyclopentene and cyclopentane, stabilised against a methane
flame in an opposed flow geometry showed the possibility of detailed velocity and scalar mea-
surements of a broad range of liquid fuels. Differences in velocity statistics and the reaction
progress variable for the considered gaseous and liquid fuels were attributed to changes in the
laminar burning velocity, the adiabatic flame temperatures, the reactivity and the Lewis num-
ber. Problems associated with thermal–cracking of higher hydrocarbon fuels were overcome
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in the described set–up through very careful control of the temperature in the vaporiser and
thereby enabling the values for the original fuels to be obtained for different lean equivalence
ratios. The current system for controlling the vaporisation of the liquid fuel per time unit
allowed a more accurate control of the mass flow rates compared to alternative systems (e.g.
Bubblers). Therefore, the set–up allows the characterisation of higher hydrocarbons in terms of
their lean extinction limits under various strain rates. The addition of a second vaporising unit
would allow to obtain velocity and scalar data of equal heat release across both twin flames and
therefore establish symmetry conditions along the stagnation plane for numerical simulations.
Flammability limits for lean premixed methane flames in swirled stratified flow conditions
measured in a circular sudden expansion duct were of the order of 0.3 compared with 0.6
for uniform flow conditions. This showed that the location where the fuel is introduced to the
reaction zone played an important role. However, stratified flow conditions led to a non-uniform
fuel distribution that caused an increase in NOx–emissions due to the higher temperature
regions. Swirl increased local mixing and led to a reduction of NOx by up to a factor of
three for core equivalence ratios close to unity. Swirled flow conditions also increased the
flame stability and led to more complete combustion close to the lean flammability limits.
Furthermore, a decrease in the impact of duct wall temperature on the lean extinction limits
was noticeable.
Future research should focus on PIV– and OH-LIF measurements in order to measure the
velocity field and characterise the flame structure under uniform and stratified flow conditions
with and without swirl. Furthermore, velocity measurements of the upstream section of the
duct should be considered as they are a necessity to establish boundary conditions for numerical
simulations. Time–resolved velocity and scalar measurements could also help to understand the
relationship between the low broadband frequency which is related to the extinction and relight
cycles of the flame and the reasons why swirled flow conditions could help to suppress these
frequencies. Furthermore, additional pressure transducers might be necessary to determine the
pressure waves in both the upstream and downstream section of the duct. By employing the
two microphone technique in both sections acoustic waves traveling upstream and downstream
could be identified as previously presented amongst other by Campos–Delgado et al. [22] and
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therefor changes to the speed of sound due to the combustion process and the influence of the
area change on the wave amplitudes could be characterised.
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